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You can't just boss bacteria around like that," said the younger Mrs. Hempstock. "They don't 
like it." "Stuff and silliness," said the old lady. "You leave wigglers alone and they'll be 
carrying on like anything. Show them who's boss and they can't do enough for you. You've 
tasted my cheese..” 
- Neil Gaiman, The Ocean at the End of the Lane 
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1. Biodiversity and rare species in macroorganism- and microorganism 
communities 
 
There is a stunning diversity of species on earth, although estimates of the exact numbers 
vary. Costello et al. (2013) suggested the existence of 5±3 Mio species, of which 1.5 Mio 
have been described at this time. This number excludes bacteria, which are the most diverse 
group by far. One reason for the high proportion of undescribed species is that in most 
communities only a small number of species is common, i.e. abundant, whereas most species 
are rare, i.e. low abundant (Magurran and Henderson 2003, McGill et al. 2007, Chase 2013). 
According to the mass-ratio-hypothesis, dominant species should control communities and 
ecosystem processes (Grime 1998). Rare species, on the other hand, are expected to have a 
low contribution and their loss would have no or little consequence for ecosystem functioning 
(Chase 2013). However, there is increasing evidence that low abundant species can support 
ecosystem functions in several ways and often have over-proportional roles in their 
communities (Jousset et al. 2017). Still, there are considerable gaps in our knowledge about 
rare species. In particular, we know little about the causes of species rarity and the 
mechanisms by which rare species affect ecosystem functions. Advancement in this field of 
study is critical in the light of the vulnerability of rare species and global decrease of diversity.  
 
Microbial communities are well suited to study the causes and consequences of species rarity. 
They are highly diverse with an estimated 104- 106 species1 per gram soil in most habitats, 
surpassing the estimations for every other single group of organisms by far (Bent and Forney 
2008). What is true for other organisms is even more so for bacteria: only a small number of 
species is present in high and easily detectable abundances, whereas the majority is 
uncommon, belonging to the so-called rare biosphere (Sogin et al. 2006). Improved 
molecular and cultivation techniques are becoming available to detect and study microbial 
communities, enabling us to study also low abundant species (Hill et al. 2000, Alain and 
Querellou 2009, Hirsch et al. 2010). In addition, studies on microorganisms may be 
conducted at very small scales using small sample sizes and high-throughput arrays. 
However, research on microorganisms still involves inherent difficulties because of their 
minuscule size and highly skewed abundance distribution. Thus, it is not surprising that 
concepts on species abundance have been based on  macroorganisms and that these are the 
main source for predictions about the behaviour of microbial communities (Prosser et al. 
2007). However, testing these concepts with microorganisms are required in order to show if 
microbes behave similar to macroorganisms, and if insights from microbial studies can be 
applied to macroorganisms in return. 
 
                                                          
1 It must be noted that there is no common definition of the term species with respect to 
bacteria. Here, I will use species instead of taxon or OTU (operational taxonomic unit). 
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2. The definition of rare species 
 
Rare species in general 
There is no universal definition of rare species, because abundance is a continuum without a 
natural threshold that separates rare from abundant species. Furthermore, the abundance of 
one species can only be defined relative to the abundance of other species (Flather and Sieg 
2007). Perhaps the most exhaustive definition of rarity is provided by Rabinowitz (1981), 
who distinguishes three attributes of species to characterize their rarity or dominance: 
geographic range, habitat specificity and local population size. A species can be considered 
rare if its distribution is restricted to a narrow geographic range, but also if it occurs only in 
specific habitats. Finally a species can be rare, even if it is widely distributed, if it has a low 
local population size. Rabinowitz (1981) combines these three attributes in an eight-celled 
block, of which seven blocks define a rare species (Table 1). Thus, she provides examples 
that a species can be considered rare if it is geographically wide spread, but locally low 
abundant, but also if it occupies a narrow range of habitats, albeit occurring there at high 
densities. Although all these seven definitions of rarity are equally valid, I will use being rare 
as a synonym for a low local abundance since this thesis focuses on this specific aspect of 
rarity (Table 1). Moreover, for microorganisms, only little is known about their habitat ranges 
and geographic distribution. 
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Table 1: Seven different forms of rarity. Only species in the upper left corner are dominant. 
In this thesis rare species are defined as those with a low local abundance (gray cells). 
Adapted from Rabinowitz (1981). 
 
 
 
 
 
Rare bacterial species 
The framework proposed by Rabinowitz (1981), which has been derived from studies on 
macroorganisms, can also be applied to microorganisms, but even if we consider only local 
abundance there is by no means a common definition of what is a rare bacterial species. In 
fact, there is even no common agreement on the definition of a bacterial species. Before 
sequencing became widely applicable bacteria were grouped into species on the basis of 
DNA-DNA hybridization. Bacteria showing 70% or greater hybridization were considered 
to belong to the same species (Stackebrandt and Goebel 1994). After introduction of the 
sequence of the small subunit ribosomal RNA (16S rRNA) gene as a basis for bacterial 
phylogeny, single species groups were found to actually comprise several genera and species. 
Since then, 16S rRNA sequencing has become the most commonly used technique for 
bacterial identification (Staley 2006). Typically, sequences are grouped into operational 
Geographic 
range 
Large Small 
Habitat 
specificity 
Broad Narrow Broad Narrow 
Local 
population 
size 
    
Large, 
dominant 
somewhere 
Locally 
abundant over 
a large range 
in several 
habitats 
Locally 
abundant over 
a large range 
in a specific 
habitat 
Locally abundant 
in several 
habitats but 
restricted 
geographically 
Locally abundant 
in a specific 
habitat but 
restricted 
geographically 
Small, non-
dominant 
Constantly 
sparse over a 
large range in 
several 
habitats 
Constantly 
sparse in a 
specific 
habitat but 
over a large 
range 
Constantly sparse 
and 
geographically 
restricted in 
several habitats 
Constantly sparse 
and 
geographically 
restricted in a 
specific habitat 
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taxonomic units (OTUs) at a threshold of 97% sequence similarity and these OTUs are 
assumed to represent a species (Tindall et al. 2010). However, studies have shown that 
bacteria belonging to the same OTU can behave ecologically very differently (Koeppel and 
Wu 2013), so that sequence similarities of >98.5% have been proposed to distinguish species 
(Kim et al. 2014). Nevertheless, in this thesis I will refer to bacterial OTUs defined at a 
sequence similarity of 97% as a species, because it is still the standard that most studies 
adhere to. 
 
Currently, the relative quantification of species in bacterial communities is largely based on 
datasets created by high-throughput sequencing of the 16S rRNA gene currently generating 
several million reads per sample (Buermans and den Dunnen 2014). Rare species have often 
been defined by arbitrarily applying an upper abundance threshold on these datasets. 
Commonly species are defined as rare if they constitute less than 1% of the community 
(defined as the proportion of 16S reads) (Nacke et al. 2011, Skopina et al. 2016). However, 
also other thresholds have been used, such as 0.1% or even 0.01% (Fuhrman 2009, Hausmann 
et al. 2016, Suriya et al. 2017). Further variation arises from the differences in sequencing 
techniques and sequencing depths used in the different studies. In addition, it has been 
demonstrated frequently that current sequencing technology suffers from a number of biases, 
such as bias in DNA extraction, primer bias during PCR, and differences in 16S rRNA copies 
between species. These sources of bias might lead to either under- or overestimation of 
bacterial diversity and the abundance of particular bacterial taxa (Kunin et al. 2010, 
DeAngelis and Firestone 2012, Gonzalez et al. 2012, Kembel et al. 2012). These technical 
shortcomings and the application of arbitrary thresholds show that the definition of rare 
bacterial species is at best disputable. Until significant methodological and conceptional 
improvements have been made these restriction should be kept in mind when presenting and 
discussing the research on rare bacteria. 
 
 
3. Rare species are everywhere 
 
One reason why we should not disregard the rare species is that they represent the largest 
part of all species on earth. The most common way to depict species in relation to their 
abundances is the species abundance distribution (SAD) (Chisholm 2007, Rajkumar et al. 
2010). A frequently used plot for SADs is the Whittaker plot or rank abundance plot, in which 
the species abundance, often displayed as log10, is plotted against the species rank (species 
ordered from most abundant to last abundant) or vice versa (Whittaker 1965). SADs from 
widely different communities have in common that they often show a high number of rare 
species (McGill et al. 2007) (for a schematic depiction see Fig.1). Many different models 
have been proposed to describe the form of SADs. The model found to fit a majority of data 
is the log-normal distribution by Preston (1948), although this is often criticized since 
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abundance distributions often appears truncated at the rare end. Another often observed 
pattern is the abundance-occupancy relationship: species that are locally abundant tend to be 
widely distributed, while species that are locally rare tend to have a narrow distribution 
(Gaston et al. 2000). Widely distributed and locally abundant species are often called core 
species, whereas the narrowly distributed and locally rare species have been called satellite 
or occasional species (Hanski and Gyllenberg 1993, Magurran and Henderson 2003). 
Explanations for this bimodal distribution include generalist-specialist differences and 
enhanced colonization by locally common species (Hanski and Gyllenberg 1997). 
 
Bacterial communities have an especially long “tail” of rare species when depicted in a rank 
abundance plot, yet the underlying abundance distribution is less well investigated than for 
macroorganisms (Lynch and Neufeld 2015). However, Galand et al. (2009) showed for 
bacterial communities in the Arctic Ocean SAD patterns that were similar to ones observed 
for macroorganisms, with log-normal and log-series distributions for dominant and rare taxa, 
respectively. This is in accordance with Pedrós-Alió (2006), who suggested that the core-
satellite species concept might also be valid for bacterial species. The core-satellite 
hypothesis by Hanski and Gyllenberg (1993) also predicts that some species can switch from 
the abundant core state to the rare satellite state and vice versa. This has been observed 
frequently for bacteria. Up to 28% of all low abundant taxa in bacterial communities have 
been found to become abundant at one point in time and to disproportionally contribute to 
temporal changes in community composition (Shade et al. 2014). Such changes in abundance 
might be one important mechanism by which rare bacterial species can influence and stabilize 
ecosystem functions. Still, a large fraction of the rare biosphere stays constantly rare and yet 
there are strong indications that this fraction, too, can play an important role in ecosystems. 
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Fig. 1: Schematic rank abundance plot with relative abundance on a log scale plotted against 
species rank.  
 
 
4. Rare species influence ecosystem functioning 
 
The benefit of species diversity is subject to wide and intensive debate. However, it is often 
neglected that species diversity means mostly rare as rare species represent the majority of 
all species in a community. However, rare species have often been thought to be functionally 
redundant to more abundant species. Indeed, some studies do not indicate an effect of 
reducing rare species on ecosystem functioning (Smith and Knapp 2003, Solan et al. 2004). 
These studies have usually been carried out under stable conditions within short periods of 
time (Duffy 2009). They do not take into account that  rare species can contribute to the 
resistance and resilience of communities and consequently ecosystem functions (Shade et al. 
2012b). Environmental changes or disturbances might lead to a decline of abundant species 
supporting important ecosystem functions. A vast pool of rare species increases the 
probability that another species with similar functional traits but less sensitivity to the 
disturbance will be present. Such a species might become abundant under the changing 
conditions and  continue to support the respective functions (Loreau et al. 2001). This 
redundancy in functional effect traits and diversity in response traits is considered a key 
mechanism for ecosystem stability, according to the ecosystem insurance hypothesis (Yachi 
and Loreau 1999, Hooper et al. 2005). The fluctuations in species abundances over space and 
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time support this assumption. Especially in a time when human activity leads to both long-
term global changes and sudden local alterations of ecosystems, the continued provisioning 
of essential ecosystem services relies on the functional redundancy of a highly diverse species 
community. 
 
Not all rare species possess redundant functions. In fact, rare species can be even less 
redundant in their functional traits than abundant species (Soliveres et al. 2016). A variety of 
communities, such as of alpine plants, tropical forests, and coral reef fish contain low 
abundant species that possess distinct trait combinations or carry out unique functions (Chase 
2013, Mouillot et al. 2013). Thus, a large number of rare species does not only increase the 
functional resistance of a community, but also the probability of containing species with 
particularly important and unique traits (sampling effect) and the functional complementarity 
(complementarity effect) of a community (see definition by Hooper et al. (2005)). Species 
that possess unique traits may even be so called keystone species, defined as species with a 
much larger effect on ecosystem processes than would be predicted from their abundance 
(Power et al. 1996, Hooper et al. 2005, Mouillot et al. 2013). Examples for low abundant 
keystone species are predators, such as starfish and sea otters whose presence or absence may 
lead to very different communities (Paine 1969, Estes and Palmisano 1974). The functional 
complementarity of species, on the other hand, can lead to enhanced ecosystem productivity 
through differences in resource use (Tilman et al. 1996, Hector et al. 1999). In addition, this 
complementarity in niche space has been evoked as one mechanism by which diverse 
communities can resist the invasion by foreign species (Lyons and Schwartz 2001). Current 
research indicates that these effects of biodiversity can be ascribed largely to the action of 
rare species. 
 
5. Rare species are vulnerable 
 
Some species may be rare due to unfavourable conditions, while for other species rarity can 
be seen as a natural state and they have traits that allow them to persist at low abundances. 
Still, rare species are extremely vulnerable to disturbances. Threats, such as overexploitation, 
habitat loss, invasion by exotic species, climate change or man-made and natural calamities 
will naturally be more disastrous for rare species than for abundant ones and can drive them 
to their extinction (Mouillot et al. 2013). There is evidence from macroorganisms that species 
with a low local density and a restricted habitat are more likely to go extinct (Pimm et al. 
1988, Cardillo et al. 2008). Loss of these species is predicted to lead to the loss of unique 
functions and therefore disproportionally impact our ecosystems (Mouillot et al. 2013, Leitão 
et al. 2016). Importantly, these studies have been conducted on known species, but it is 
assumed that many species, and especially increasingly rare ones, are not even described yet. 
Including these unknown species, it is predicted, for example for plant species, that 30% are 
currently under the risk of extinction (Pimm et al. 2014). The huge diversity of 
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microorganism and the even larger number we assume have never been found, does not even 
allow an estimation of the extinction threat for bacterial species (Veresoglou et al. 2015). 
Therefore, it is crucial to assess what makes a (microbial) species rare and which functions 
it has in an ecosystem as a first step to maintain ecosystem functionality in a changing world. 
 
 
 
6. Functions of rare bacteria 
 
In many aspects, functions of rare bacterial species are similar to those of rare 
macroorganisms. It has been suggested that the high number of species in microbial 
communities compared to communities of macroorganisms would lead to an even higher 
functional redundancy, so that a reduction of microbial species would not matter for 
ecosystem functioning (Franklin and Mills 2006, Wertz et al. 2006). However, just as for 
macroorganisms, this redundancy is essential for ecosystem stability as species with differing 
sensitivities to environmental conditions can support ecosystem functions upon 
environmental changes (Lemanceau et al. 2015). In support of this concept, studies 
repeatedly found a high number of taxa that fluctuate in abundance in space and time, the so 
called conditionally rare taxa (Shade et al. 2014). In addition, rare bacteria are often highly 
active and show the ability to grow rapidly, which might enable them to respond quickly to 
environmental change (Aanderud et al. 2015). These taxa can become abundant in reaction 
to changes in conditions or absence of competitors, and compensate for the decline of 
abundant species. Low-Décarie et al. (2015) even found the resistance of a community to a 
herbicide to be dependent on the increase of initially rare taxa. 
 
In addition to functionally redundant species, the rare bacterial biosphere also contains 
species that carry out specific non-redundant functions and can be seen as keystone species. 
For example, the rare bacterial taxon Desulfospirosinus sp. has been found to be an important 
sulfate-reducer in peatlands in spite of occurring at the relative abundance of only 0.006% 
(Pester et al. 2010). Complementarity plays a role in many functions carried out by microbial 
communities. For instance, in grassland communities a positive effect of the presence of rare 
species on several ecosystem functions, such as organic C mineralisation and chitin and 
cellulose degradation, has been reported (Peter et al. 2011, Juarez et al. 2013). Rare bacterial 
species have also shown the ability to influence more abundant species and thereby their 
environment, for example in a bioreactor experiment by Rafrafi et al. (2013). 
Microorganisms may engage in elaborate networks of communication via metabolic 
compounds by which they can substantially alter each other’s physiology (Dunn and 
Handelsman 2002, Schmidt et al. 2015). The influence of rare species on the environment 
via abundant species has so far mostly been demonstrated for bacterial communities. 
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Nevertheless, it seems conceivable that similar mechanisms exist in communities of 
macroorganisms. 
 
The functions of rare soil bacterial species 
The soil microbiome hosts an incredibly high number of microbial species, which are 
essential for many ecosystem processes and crucial for life on earth. For example, 90% of all 
decomposition processes are mediated by microorganisms. Rare microbial species loss has 
already been found to lead to a decrease in general decomposition (Salonius 1981). This is 
supposed to be due to rare microbial species possessing distinct functions allowing them to 
break down specific recalcitrant compounds contributing to a more efficient resource use by 
the community (Baumann et al. 2013). However, inconsistent results exist with respect to the 
role of rare bacteria in general decomposition processes. Griffiths et al. (2001a) found no 
relationship between the reduction of rare soil bacterial species and decomposition. The same 
investigators demonstrated that less diverse communities were more sensitive to disturbance 
treatments. This indicates that there is a high functional redundancy in soil microbial 
communities with respect to traits involved in general decomposition, but also that this 
redundancy is important for resistance to disturbance (Griffiths et al. 2001b). In contrast to 
functional redundancy in general decomposition, several specific biogeochemical processes, 
such as denitrification and the degradation of pollutants have been found to be restricted to a 
narrow set of often rare species (Philippot et al. 2013b, Delgado-Baquerizo et al. 2016) (Fig. 
2).  
 
Rare soil bacterial species can also play a role in the suppression of soil-borne diseases (Fig. 
2). One mechanism is the increase of resistance to invasions. A soil microbial community 
containing rare species has been found to reduce the survival of an invading Escherichia coli 
strain compared to a community deficient in rare species (Van Elsas et al. 2007). The addition 
of further resources to the community, however, increased invader survival, demonstrating 
that complementarity in resource use is likely to be responsible for invasion resistance 
(Mallon et al. 2015). In addition to indirect suppression of potential invading pathogens 
through resource competition, rare species can be involved directly in pathogen suppression 
through the production of volatile organic compounds (VOCs). VOCs are one important way 
of communication among microorganisms and different species and even species 
combinations have been found to produce their own specific blend of compounds (Tyc et al. 
2015). The presence of rare bacterial species may alter the volatile profile of the microbial 
community and thereby affect the growth of a fungal pathogen (Hol et al. 2015b). Still, it is 
not known if this effect is due to compounds produced directly by the rare species or their 
interaction with dominant members of the microbial community. Volatile compounds can 
also affect plant growth (Ryu et al. 2003) (Fig. 2). However, the effect of volatiles produced 
by bacterial communities in the presence or absence of rare species on plants has not been 
tested yet. 
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Fig. 2: Examples for the various functions of rare soil bacteria; 1. Decomposition and 
mineralization, 2. Resistance against pathogen invasion, 3. Interactions with plants (e.g. 
induction of resistance) through volatiles or other metabolites, 4. Inhibition of fungal 
pathogens, e.g. via volatiles
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Rare bacteria in above-belowground interactions 
Rare soil bacteria can influence their community through interactions with other species and 
their interactions with plants are of specific interest. The following paragraph will briefly 
introduce current knowledge on the general interactions between plants and soil 
microorganisms. Thereafter, the potential role of rare species in above-belowground 
interactions will be outlined. 
 
Soil bacteria can interact intimately with plants. This interaction flows both ways as different 
plant species and even accessions are known to cultivate their own rhizosphere microbiome 
by releasing a distinctive blend of root exudates (Bakker et al. 2013). In return, rhizosphere 
bacteria significantly affect plant growth and performance. On the one hand, this is mediated 
through mineralization processes, which make nutrients available for the plant, and 
stimulation of plant nutrient uptake (Rodrı́guez and Fraga 1999). On the other hand, soil 
bacteria also affect plants directly by producing signalling compounds such as flavonoids, 
sesquiterpenes and phytohormones (Bloemberg and Lugtenberg 2001, Philippot et al. 2013a). 
Specific bacterial species that have positive effects on plant growth are named plant-growth 
promoting rhizobacteria (PGPR). PGPR can also be involved in direct and indirect pathogen 
suppression in the soil via competition for resources or direct antagonistic interactions (Haas 
and Defago 2005). In addition, some PGPR can protect plants from aboveground enemies by 
systemically priming plant defences. An infection of aboveground plant parts with pathogens 
or herbivores subsequently induces a stronger and faster defence response in the plant than 
would be observed without priming. This enhanced defence response through interactions 
with PGPR is called induced systemic resistance (ISR) (Berendsen et al. 2012). Soil bacterial 
pathogens can also induce a primed state in the plant, which increases systemic resistance to 
later infections. This mechanism is called systemic acquired resistance (SAR) (Van Loon 
2007). ISR and SAR are mediated by different signalling pathways in the plant, which can 
also overlap and interact with each other resulting in a fine-tuning of defences against 
different pests (Feys and Parker 2000). 
 
Rare soil bacteria might play an important role in above-belowground interactions, as they 
can influence plant growth and health. While it has not been tested yet if bacteria can affect 
plants when rare, it has been shown that species that are rare in the bulk soil can increase in 
abundance in the plant rhizosphere or endosphere (Edwards et al. 2015, Nuccio et al. 2016). 
Rare soil bacteria might be involved in inducing plant resistance against insect herbivores. A 
reduction of rare soil bacterial species has been demonstrated to lead to increased 
performance of aphid herbivores and at the same time reduce the glucosinolate content in 
Brussel sprouts (Hol et al. 2010). This indicates that the presence of rare bacteria increased 
plant resistance against aphids compared to a soil bacterial community reduced in rare 
species. The effect of rare soil bacteria on plant defence might have been due to host-
specificity of plant-bacteria interactions (Wintermans et al. 2016). A more diverse 
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community containing rare species has a higher probability of including a strain or species 
that can induce resistance in the respective plant cultivar. Alternatively, changes in 
composition of the dominant species as a consequence of rare species reduction could have 
influenced plant defences. In addition, it is still unknown whether plant resistance in the 
presence of rare species is induced by similar mechanisms as by PGPR strains. Overall, 
contemporary studies indicate that low abundant bacterial species in the soil are involved in 
protecting plants from pathogens and insects by various mechanisms, such as resistance to 
pathogen invasion, the production of inhibiting compounds and by eliciting systemic 
resistance in the plant (Hol et al. 2010, Hol et al. 2015b, Mallon et al. 2015). 
 
The awareness is increasing that the use of chemical pesticides and other anthropogenic 
influences in the long term can lead to a decline in soil diversity and in the ecosystem services 
that we depend on (Altieri 1999). Therefore, investigating the mechanisms behind above-
belowground interactions for plant protection against pathogens is gaining importance 
steadily. Only if we increase our understanding of the role of microbial communities in 
supporting plant growth as well as other ecosystem functions, we can take steps to improve 
these functions in a sustainable way by managing the belowground community. 
 
 
7. Causes for species rarity 
 
In contrast to the functions of rare species, much less is known about the causes of species 
rarity. Nevertheless, there are many possible explanations for the coexistence of such a large 
number of low abundant species. They can be divided into neutral and niche models. In 
addition, elements from both niche and neutral models have been combined to explain the 
presence of a high number of rare species in communities (Chesson 2000, Ai et al. 2013). 
These models, however, rarely have been used to explain why species are rare or abundant. 
Briefly: according to neutral models rarity might arise from limited dispersal or recent 
colonization of a new habitat, whereas according to the niche hypothesis rare species utilize 
scarce resources and dominant species either use common resources or are very generalistic 
in their resource use (Mi et al. 2012). I will not go into detail about the differences between 
the respective models since comparing them was not part of my research. 
 
Although species rarity might arise from stochastic processes, there is no doubt that species 
can differ in their niche preferences. Thus, it is not surprising that species traits in interactions 
with biotic and abiotic factors have been found to play an important role in driving species 
abundance (Jousset et al. 2017). Slow growth and reproduction are examples of traits that 
might cause rarity of species. At the same time, slow growth is often correlated with 
resistance to stress and environmental disturbances allowing rare species to persist in the 
community (Jousset et al. 2017). In addition, competition for limiting resources strongly 
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affects species abundance by so-called bottom-up (resource-based) effects. In his resource 
ratio-model of competition Tilman et al. (1982) stated that  the species that can reduce a 
limiting resource to the lowest level R* will outcompete the other species. A low R*, and 
therefore a competitive advantage under resource limited conditions, has also been found to 
be correlated with a slow growth rate indicating a trade-off between competitiveness under 
resource limitation and the ability for fast growth (Harpole and Tilman 2006). If only bottom-
up effects play a role, the abundance of a species should depend on its competitive ability, 
growth rate and on resource availability. In nutrient-rich environments, fast growing species 
are supposed to be competitively superior and thus become abundant, whereas, according to 
this theory, in nutrient-poor environments slow growing species that are able to tolerate 
nutrient-poor conditions should increase in abundance due to a higher resource use efficiency 
(Harpole and Tilman 2006).  
 
Under field conditions the abundance of a species is not only controlled by competition for 
limiting resources, but also by predation from higher trophic levels (so-called top-down 
effects). The relative importance of predation and competition is supposed to be dependent 
on resource availability. Predictions can be made with respect to the abundance of a species 
in the presence of competitors and predators at different resource concentrations based on 
frequently invoked plant ecological concepts. One is Tilman’s R* theory as outlined above, 
the other is a trade-off between the ability for fast growth and resistance to herbivory as 
investment in fast growth can prevent species to invest in defence mechanisms (Herms and 
Mattson 1992, Endara and Coley 2011). 
 
Consider a community of two species (Fig. 3). One is able to reduce a given resource to the 
lowest level, but at the same time slow growing and well defended against herbivory, since 
the cost of tissue loss is high. The other is fast growing, but less well defended against 
herbivory. As outlined above, in an environment without or with little predation the slow 
grower should be the better competitor at low resource availabilities, whereas the fast grower 
should be the better competitor at high resource availabilities (Harpole and Tilman 2006). In 
the presence of herbivores we can expect a different outcome. In an environment with low 
resource availability the slow growing species should still be the dominant competitor since 
it should also be most resistant to herbivory. However, in an environment with high resource 
availability herbivory can reduce the fast growing species, as it is presumed that it is less well 
defenced, and therefore lead to an advantage for the slow growing species. Hence herbivory 
should play a minor role for community composition at low, but a major role at high resource 
availabilities. Still, the reality will be more complicated. Plant species will compete for more 
than one resource with different affinities for each of them. Moreover, plants can have 
different types of defence mechanisms, both constitutive and inducible, which differ in their 
fitness cost. In communities plants will have to compete with multiple other species with 
different defence mechanisms and likely be subjected to multiple herbivores with different 
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feeding preferences and degree of specificity. In addition, other (abiotic) factors, such as pH 
or temperature will play a role. 
 
 
 
Fig. 3: Effects of resource availability (bottom-up) and consumption (top-down) on the 
abundances of species with different life-history traits. A) Low resource availability and 
weak or no herbivory, B) high resource availability and weak or no herbivory, C) low 
resource availability and herbivory, D) high resource availability and herbivory. The size of 
species boxes represent high or low abundance; the size of consumer boxes represent 
herbivory pressure, or no or weak herbivory. 
 
Causes of rarity in bacteria 
Niche and neutral processes for community assembly and species coexistence, such as have 
been explored for plants, are also expected to operate in the case of assembly of bacterial 
communities. However, studies attempting to quantify the relative importance of niche 
differences and environmental variation vs. dispersal and stochastic events find variable 
results (Östman et al. 2010, Jeraldo et al. 2012). Still, niche processes have been 
demonstrated often to be the dominant mechanism indicating significant ecological 
differences between species (Powell et al. 2015, Liao et al. 2017). In support of the niche 
theory, Koch (2001) proposed the oligotrophic-copiotrophic concept for bacteria. This 
concept incorporates both species life-history traits and resource availability. Copiotrophic 
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species are fast growing under nutrient rich conditions, whereas oligotrophic species are slow 
growing, but exhibit a higher nutrient affinity and are therefore able to persist under nutrient 
poor conditions. Copiotrophs are assumed to be able to cope with a wide range of changing 
conditions, while oligotrophs are supposed to be more specialized (Christie-Oleza et al. 
2012). Studies on microbial communities could indeed distinguish species by those traits and 
the traits were found to be partially phylogenetically conserved (Fierer et al. 2007). 
Nevertheless, it should be kept in mind that only few species can be classified as “real” 
copiotrophs or oligotrophs, and that the concept describes a continuum of species traits rather 
than strict categories.  
 
According to the oligotrophic-copiotrophic concept the competitive ability of bacterial 
species should be dependent on species life-history traits in combination with nutrient 
availability. In nutrient-rich environments copiotrophic species can be expected to have a 
competitive advantage, whereas in nutrient-poor environments oligotrophic species are 
supposed to be the better competitors for limited nutrients (Hu et al. 1999). Interestingly, 
bacteria are known not only to engage in competition for nutrients without direct interaction 
(so-called exploitative competition), but also in direct antagonistic interaction (so-called 
interference competition) (Hibbing et al. 2010). In interference competition different 
bacterial species or populations inhibit or even kill each other through the production and 
excretion of antimicrobial compounds. The soil bacterial taxon Pseudomonas sp., for 
instance, is known to produce an arsenal of different antibiotics, such as hydrogen cyanide 
(HCN), 2,4-diacetylphloroglucinol (DAPG), pyrrolnitrin and pyoluteorin, which make this 
taxon suitable as a biocontrol agent against soil-borne diseases (Raaijmakers et al. 2002). 
However, antibiotics production includes a fitness cost, which could outweigh the 
competitive advantage of toxin production if resources are limited (Hibbing et al. 2010). In 
addition, some bacterial species have developed strategies to protect themselves against 
contest competition. They can either be resistant against certain antibiotics, or disrupt 
signalling networks required for antibiotic production (Hibbing et al. 2010). However, it is 
still unclear how interference competition and exploitative competition independently or 
together shape species abundance in bacterial communities. 
 
In spite of the important contribution of competition in structuring ecological communities, 
it is unlikely that competition alone will account for the high diversity of species (Chesson 
and Kuang 2008). The maintenance of a high diversity has been partially ascribed to 
predation (Corno et al. 2008). Bacterial predators are mainly protists, such as flagellates, 
ciliates and amoebae, but also nematodes, enchytraeids and even other bacteria (Ekelund and 
Rønn 1994, Jousset 2012). Additionally, viruses can be a significant source of mortality 
(Fuhrman and Noble 1995). Similar to theory on plant communities the relative impact of 
predation on the abundance of a bacterial species and on community composition can be 
expected to be dependent on species traits and nutrient availability. The theory of the 
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oligotrophic-copiotrophic continuum assumes slow growing oligotrophic species to be more 
successful under low nutrient condition and fast growing copiotrophic species to be dominant 
under high nutrient conditions (Fierer et al. 2007). In addition, the “Kill the Winner” (KtW) 
hypothesis states that fast growing species are preferentially consumed and lysed by predators 
and viruses (Våge et al. 2014). This preferential consumption is supposed to be due to both 
probability of encounter, but also to a lower predation resistance of fast growing species, 
comparable to the trade-off between growth and resistance in plants (Herms and Mattson 
1992, Bouvier and Del Giorgio 2007). Consequentially, the presence of predators could 
change the outcome of competitive interactions substantially, dependent on nutrient 
availability.  
 
According to the oligotrophic-copiotrophic concept and the KtW hypothesis, competition 
between species should be the dominant factor shaping microbial communities at low nutrient 
concentrations as slow growing oligotrophic species have an advantage. At higher nutrient 
concentrations, however, predators can be expected to have a larger effect on community 
composition as they preferentially reduce the fast growing species, which would otherwise 
dominate the community (Bohannan and Lenski 2000b). In addition, bacteria are able to 
express different forms of facultative grazing resistance in the presence of predators, such as 
cell aggregation or a bulky morphology (Jürgens and Matz 2002), which are comparable to 
induced defences in plants.  Grazing resistance forms are more prevalent at conditions of 
high nutrient availability, presumably because of the costs of resistance that will be relatively 
lower (Corno and Jürgens 2006). This cost of resistance adds to the higher impact of 
predation on bacterial communities under high nutrient concentrations compared to low 
nutrient concentrations. The interplay of resource availability, competition, and predation on 
overall community composition and diversity has been studied especially for aquatic systems 
(Corno et al. 2008, Hiltunen and Laakso 2013). Nevertheless, very few if any studies have 
experimentally tested if competitiveness and resistance to predation are correlated with life-
history traits such as growth rate and if these factors in turn are related to species rarity or 
abundance in the field.  Especially soil bacterial communities have been poorly studied with 
respect to possible causes of species rarity. 
 
 
8. Methodological aspects for the research of rare bacterial species 
 
While communities of macroorganisms can be relatively easily investigated in observational 
studies and experiments in the laboratory, greenhouse or field, the study of microorganisms 
is often technically more complicated. This is especially true for rare microorganisms, their 
functional traits and response to changes in environmental conditions as they are even more 
difficult to detect.  
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Fortunately, improvements in molecular methods provide us with increasingly precise ways 
to characterized microbial communities. Sequencing of the small subunit or 16S rRNA gene 
is still the most commonly applied method to characterize microbial community composition 
and phylogeny. High-throughput sequencing techniques, such as Illumina MiSeq or Ion 
Torrent can generate up to 25 Mio reads per run, but even more sophisticated methods 
become more and more widely available. However, these techniques still have severe 
limitations with respect to the study of rare microbial species. First, there are many sources 
of bias and error during all steps of DNA extraction, library preparation, sequencing and data 
analysis that can cause the number of sequence reads to differ from the actual species 
abundance (Schloss et al. 2011). Gonzalez et al. (2012) have shown that these biases can lead 
to an underrepresentation of rare species. At the same time, the opposite can occur, i.e. 
sequencing errors can lead to artefacts that are undistinguishable from true rare species 
(Caporaso et al. 2011). Second, relatively short sequence reads rarely provide enough 
resolution to classify them below family- or genus- levels. Third, insufficient coverage might 
prevent the detection of rare species. However, while developments in sequencing techniques 
and bioinformatical tools for sequence analysis improve our ability to detect rare species, 
metagenome sequencing does not provide information about species functions. Sequencing 
of the meta-transcriptome or meta-proteome of microbial communities does provide this 
information, but has similar shortcomings as metagenome-sequencing (Tsementzi et al. 2014, 
McCarthy et al. 2015). Moreover, difficulties arise in assigning the expression of specific 
genes or proteins to individual species in complex communities. Comparison of short RNA-
tags to pre-existing databases will only identify already known organisms. Since rare 
bacterial species, due to their low abundance, are likely to be underrepresented in these 
databases, there is a high probability of them not being detected (Urich et al. 2008). 
 
Since molecular methods are still limited by biases, it is clear that we still require cultivation-
based approaches to experimentally test the functional traits of specific bacterial species. 
However, also cultivation poses severe challenges to the study of microbes. It is assumed that 
only between 0.1% and 10% of all bacterial species can cultivated, which is termed the great 
plate count anomaly (Staley and Konopka 1985). Various factors can lead to this 
“uncultivability” of bacterial species, such as high nutrient contents in common cultivation 
media, the requirement of specific carbon substrates and electron-donors, the dependence on 
metabolites from other species, or competition in cultivation media (Alain and Querellou 
2009). However, new developments in culturing systems have led to the successful isolation 
of many additional species. Diffusion cells that can be directly incubated in the environment 
or cell encapsulation in gel droplets are only two examples of the numerous systems that have 
been developed (Zengler et al. 2002, Nichols et al. 2010). Nevertheless, even with simple 
plating techniques and standard media novel species could be cultivated, indicating that 
increased cultivation effort might already be sufficient to expand the number of isolated 
species (Janssen et al. 2002, Joseph et al. 2003). Importantly, cultivability is not restricted to 
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abundant species. The same techniques also capture many rare species (Buerger et al. 2012, 
Shade et al. 2012a). Still, only few cultivation studies make the effort to assess the abundance 
of isolated bacterial species in the field. 
 
Studying the abundance of bacterial isolates in the field can be valuable for several reasons. 
First, it would allow researchers to assess if the set of isolates that is used in subsequent 
studies accurately represents the abundance distribution of the ingenious community or if it 
is biased towards either rare or abundant species. This knowledge might be especially 
valuable in studies on community assembly. Second, low abundant species could be 
specifically tested for their functional traits and/or their reaction to different abiotic and biotic 
conditions. These tests might give us further indications about the causes of species rarity 
and the mechanisms behind ecosystem insurance through abundance fluctuations.  
 
 
9. Objectives of this thesis and thesis outline 
 
To advance knowledge on rare species in general and rare bacteria in particular, in my thesis 
I will study, which factors are the major predictors of bacterial species abundance in the 
environment. Moreover, I investigate the effects of rare bacterial species in ecosystems 
through their interactions with other microbes and plants. I compare the results from 
experiments with soil bacteria with concepts from research on macroorganisms. 
 
Theories on causes of species rarity in macroorganisms are mostly based on observations in 
natural communities, assessing population size, habitat range, body size, fertility dispersal 
and many other measures. However, such measures are not available for most bacteria. 
Current sequencing techniques can show us at an increasing resolution which species are 
present, but cannot yet indicate their respective traits that might contribute to rarity or 
abundance. Moreover, sequencing results are snapshots of a particular point in time and do 
not allow to draw conclusions about species dynamics. To determine the individual life-
history traits of bacterial species and observe their interactions cultivation techniques are still 
irreplaceable. However, the number of species that can be cultivated is severely limited and 
low abundant taxa are assumed to be especially recalcitrant to isolation. In Chapter 2 of my 
thesis I describe a simple cultivation approach for the isolation soil bacterial species. By 
comparing the sequences of those isolates to a sequencing database from the same soil I 
determine species abundances in the field. 
 
The isolates from Chapter 2 I used in the following studies on the causes of species rarity.  
Ample ecological theory exists about factors that structure communities, like niche and 
neutral processes, species life-history traits and biotic and abiotic interactions, but it has 
seldom if ever been tested if rare species share a certain set of traits, how these factors interact 
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or if some are more important than others. In Chapter 3 I investigate the role of species traits 
as a cause of rarity. I focus on growth rate and substrate utilization. Slow growing species 
and species that utilize a narrow set of resources have been assumed more likely to be rare in 
the field. In bacteria these traits might be correlated since according to the oligotrophic-
copiotrophic concept (Koch 2001) species that are oligotrophic are supposed to be slow 
growing and more specialized on certain substrates, whereas copiotrophic species are 
typically fast growing generalists (Christie-Oleza et al. 2012). I hypothesized that bacterial 
species that are rare in the environment are on average slower growing and more specialized 
in their resource use. In addition, I test the hypothesis that growth rate is positively correlated 
with the number of substrates a species can use. 
 
In the field, species typically do not live in isolation, but in complex communities. Therefore, 
in Chapter 4 I investigate the role of the presence of competitors and predators in interaction 
with species traits and environmental nutrient status for species abundance. Competition and 
species traits have been suggested to structure communities together with predation and 
resource availability (Bohannan and Lenski 2000b, Winter et al. 2010). However, it has not 
yet been tested what the relative roles of predators and competitors at different nutrient 
concentrations are in shaping individual species abundances and how they interact with 
species traits. I investigate the importance of these factors for species abundance at the 
example of bacterial communities, employing a collection of well-characterized bacterial 
isolates. In a high-throughput assay I subject artificial bacterial communities to different 
nutrient concentrations in combination with different predators. I test whether potential 
species growth rate or field abundance (as measured in Chapter 3) can predict species 
competitiveness in interaction with nutrient availability. Moreover, I test whether 
competitively superior species are more susceptible to predation by protists and if this 
susceptibility differs between species that are rare or abundant in the field. 
 
In the final experimental chapter of my thesis I investigate a potential function of low 
abundant species. Rare species have been implicated to be the drivers of many ecosystem 
functions. For bacteria, these have been, for example, particular mineralization processes or 
invasion resistance. Although soil bacteria are also known to be intimately engaged in 
interactions with plant roots, only few studies address the effect of rare bacterial species on 
plants. Understanding these effects can be essential since rare soil bacteria have been 
suggested to be involved in plant-insect interaction (Hol et al. 2010). Therefore, their loss 
can have consequences of a magnitude far beyond their abundance. A reduction of rare soil 
bacteria species has been found to increase plant susceptibility to aphid feeding (Hol et al. 
2010). However, the mechanism behind this interaction remains unclear. In Chapter 5 I test 
the hypothesis that rare soil bacteria are involved in the induction of systemic resistance in 
plants and thereby increase plant performance in the presence of insect herbivores. For this I 
reduce rare microbial species in a natural community by serial dilution. As an additional 
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treatment I add a Pseudomonas strain, known to induce systemic resistance, to all dilutions.  
A wild-type Arabidopsis thaliana accession, obtained from the same site, is grown 
subsequently in soil inoculated with the different dilutions. The plants are infested with the 
aphid Myzus persicae and plant defence gene expression, biomass and aphid performance are 
assessed. 
 
In Chapter 6 I provide a discussion of the results of this thesis. I explicitly compare my 
findings on rare bacteria to current concepts and studies on rare species from other kingdoms.  
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Figure 4: Overview of the chapters of this thesis. Consecutive workflow for investigating the 
causes of bacterial rarity from bacterial isolation in Chapter 2 to testing competition and 
predation in Chapter 4; in addition, test of a potential function of rare microbes in Chapter 5. 
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Abstract 
In order to study the cultivability and traits of rare soil bacterial species we conducted a 
cultivation study using flow cell sorting, and grew bacteria on different oligotrophic media 
under prolonged incubation times. We assessed the abundance of the isolates in the field by 
comparing them to a 454-sequencing dataset from the same soil. The proportion of isolates 
with a low field abundance (<0.01% relative abundance) was significantly lower than 
expected based on the abundance distribution of the whole field community. Especially for 
the class Actinobacteria, fewer rare isolates were retrieved than expected from their 
abundance distribution in the field. This biased outcome despite increased efforts to target 
rare bacteria indicates that rare bacterial species will be underrepresented in many 
cultivation-based approaches and hence studies using these isolates will be biased towards 
species that are abundant. Rare and abundant isolates had similar incubation times. However, 
Alpha- and Gammaproteobacteria required on average longer incubation times than other 
classes. In contrast to former studies using similar methods, we did not obtain hitherto 
unknown species. In conclusion, our results suggest that cultivation studies should aim at 
assessing the field abundance of isolates in order to test how well they represent the field 
community. 
 
Introduction 
The invention and improvement of high-throughput sequencing techniques has led to the 
discovery of a large proportion of previously undetected rare species in bacterial 
communities. These new techniques allowed thousands of sequence reads per sample, which 
today has advanced to several millions (Bartram et al. 2011). Although this discovery can be 
considered as one of the milestones in microbial research, sequencing can merely show which 
species are present at a specific time point. It provides useful information about the potential 
functions of a particular species or a community, however, these still have to be tested in 
experimental bioassays in order to verify actual functioning. Besides functioning, little is 
known about the causes of bacterial rarity. Metagenomics and metatranscriptomics can be 
used to identify possible species traits that might lead to a permanent or temporal low 
abundance, such as a slow growth rate, the sensitivity to environmental conditions, 
competition or predation (Corno and Jürgens 2008, Morrissey et al. 2016), but also these 
potential traits will have to be verified by studying individual species in isolation. However, 
it has been suggested for long that only a very small minority of all bacterial species may be 
cultivated; this has been named ‘the great plate count anomaly’ (Staley and Konopka 1985). 
Moreover, these species might not represent the actual community composition in situ 
(Dunbar et al. 1999, McCaig et al. 2001).  
 
In addition, it is still poorly investigated how many rare species are captured by cultivation. 
The only studies that we are aware of, which looked at rare species specifically, report 
contrasting results (Shade et al. 2012a, VanInsberghe et al. 2013). Thus, after centuries of 
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cultivation efforts we still hardly know to what extent the subset of species captured by 
culturing is actually a good representation of the abundance distribution in the field. Only 
with such a baseline of current cultivation success we will be able to enhance the proportion 
of rare species in cultivation. However, cultivation-independent studies give valuable 
information about some attributes of rare species that can be used to increase cultivation 
success. Portillo et al. (2013) showed by separating bacterial communities in different size 
classes that low abundant species were mostly found in the small-size fraction of <0.8 μm. 
Therefore, the selection of small cells might increase the proportion of cultured rare species. 
In addition, it has been suggested that rare species might be low abundant in the community 
due to a poor competitive ability compared to species that are more abundant.  
The separation of single cells could favour the growth of rare species as it prevents 
direct competition. Cell separation may be achieved by several means, for example with 
isolation chips with miniature diffusion chambers or gel encapsulation in microdroplets 
(Zengler et al. 2002, Nichols et al. 2010). In addition, a prolonged incubation time might 
increase the proportion of rare species since they have often been assumed to be slow 
growing, leading to a low abundance, or to be part of a dormant seed-bank (Aanderud et al. 
2015). However, in a follow-up study on bacterial isolates we did not find a difference in 
growth rate between rare or abundant species (Kurm et al. 2017). Therefore, it seems less 
likely that a longer incubation time would lead to capturing more rare species. 
 
In contrast to the investigation of rare species, many studies have focused on the cultivation 
of novel (i.e. yet uncultivated) species or genera. The use of oligotrophic cultivation media 
has led to the successful cultivation of formerly uncultured species. Oligotrophic media are 
assumed to mimic environmental conditions more closely and many species have been found 
to grow exclusively at low nutrient concentrations (Hamaki et al. 2005). Examples of media 
for the isolation of soil bacteria are dilute tryptone soy broth or dilute nutrient broth (DNB) 
that allow for the growth of many different taxa (McCaig et al. 2001, Janssen et al. 2002). 
Different gelling agents, such as gellan gum, instead of agar, have been proven effective as 
well (Janssen et al. 2002). Attempts to mimic soil conditions have also led to the development 
of soil extract media, which yielded strains that could not grow on conventional media before 
(Smirnov and Brown 2004, Hamaki et al. 2005). Unfortunately, there is very little 
information on cultivation success on different media in relation to the abundance of an 
isolated species in the environment.  
 
The cultivation of novel species might also be aided by the selection of small cells similar to 
the cultivation of rare species. Portillo et al. (2013) did not only find more rare taxa in the 
smaller size fractions of microbial communities, but also many uncultivated species, although 
they did not correlate these two measures with each other. Moreover, Davis et al. (2005) 
found that a decrease in inoculum size in common plating increased the number of novel 
species and genera. They suggest that a decreased density on the plate alleviated competition 
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by spatial separation of cells. As such, the principle is similar to other, more complicated, 
cell separation techniques. However, a decreased inoculum size requires dilution, which is 
known to remove mostly rare species. In addition, a prolonged incubation time has been 
shown in several studies to lead to the cultivation of rarely isolated or novel species (Sait et 
al. 2002, Davis et al. 2005), although Buerger et al. (2012) did not find more novel species 
at later time points in incubation. In summary, there are indications that some methods that 
select for novel species, such as inoculum dilution or prolonged incubation time, are not 
suitable for the isolation of low abundant species. Cell separation by other means and the 
selection for small cells, however, might serve for both purposes, while there is not much 
known about the suitability of different isolation media for rare species. 
 
In the present study, we focused on the cultivation of bacterial species that are low abundant 
in soil, in order to enable further tests of their traits experimentally, e.g. as Kurm et al. (2017). 
For this purpose, we employed several measures. First, we used flow cell sorting for cell 
separation and the selection of small cells. Second, we used different oligotrophic growth 
media, which have been recommended for the cultivation of soil bacteria (Sait et al. 2002, 
Joseph et al. 2003). Finally, we incubated the inoculated media for up to 5 months. We 
identified the isolated strains by Sanger-sequencing and assessed their abundance by 
comparing their sequences to a 454-sequencing database of samples originating from the 
same soil. We expected that cell sorting and the selection of small cells would lead to a high 
percentage of species that are low abundant in soil among the isolates because of their smaller 
cell sizes and decreased competition. In addition, we expected that this approach would also 
lead to the cultivation of novel genera or species. Further, we expected more novel taxa to 
appear later during the incubation than commonly isolated taxa, but incubation time should 
not affect the isolation of rare species. 
 
 
 
Material and Methods 
Isolation of bacteria 
In May and June 2014, soil samples for bacterial cultivation were taken from a long-term 
biodiversity experiment, named CLUE, near Ede (Gelderland, the Netherlands, 52°04′N 
05°45′E) at a depth of 0-20cm. Bacteria were isolated by a flow sorting in combination with 
different media. The following cultivation media were used: 0.1 strength tryptone soy agar 
(0.1TSA; 3 g.l-1 tryptone soy broth, 15 g.l-1 bacto agar), 0.01 strength TSA (0.01TSA; 0.3 g.l-1 
tryptone soy broth, 15 g.l-1 bacto agar), dilute nutrient broth agar (DNB; 0.03 g.l-1 meat 
extract, 0.05 g.l-1 peptone, 8 g.l-1 gellan gum, 1.26 mmol CaCl2), water yeast agar (WYA; 5 
g.l-1 NaCl, 0.05 g.l-1 yeast extract, 20 g.l-1 bacto agar) and soil agar with and without the 
addition of nutrients (SA+ and SA- respectively, see Kurm et al. (2017)). Five 96-well plates 
were prepared from each medium. One day prior to cell sorting 5.4 g of sieved soil were 
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added to 130 ml phosphate buffer and shaken for 1.5 h at 120 rpm. Sonication was performed 
2x 1 min to detach bacterial cells from soil particles. After shaking again for 0.5 h the soil 
solution was passed through a 45 µm sieve. 130 ml of phosphate without added soil was used 
as a control. The soil solution and the control were stained with SYBR green stain (Sigma-
Aldrich, St. Louis, Missouri, USA). Using a flow cytometer (MoFlo Legacy Cell Sorter; 
Beckman Coulter, Miami, Florida, USA) cells of an approximate size of 0.5 μm were sorted 
into single wells of the 96-well plates. The plates were inspected every other day for visible 
bacterial growth for 5 months. This study was conducted before our follow-up study showed 
that there is no difference between rare and abundant taxa with respect to growth rates (Kurm 
et al. 2017). Therefore, rare species were still expected to require longer incubation times. 
We define cultivation success as the number of isolates that could be retrieved relative to the 
number of wells that were inoculated. 
 
 
Identification of bacterial cultures 
The 16S rRNA was amplified with colony PCR using cell material picked from agar plates, 
suspended in SDS-lysis buffer and lysed for 5 min at 95°C. DNA from isolates recalcitrant 
to this method was extracted using the ZR fungal/bacterial DNA MiniPrep kit (Zymo 
Research, Irvine, U.S.A.), the Power soil DNA isolation kit (MO BIO laboratories, Carlsbad, 
U.S.A.) or the QIAmp DNA Mini kit (Qiagen, Venlo, The Netherlands) and 1 μL DNA was 
used as a template in the PCR. 16S rDNA fragments were amplified using the primers pA 
(5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492r (5’-GRTACCTTGTTACGACTT-3’) 
and sequenced by Sanger sequencing by Macrogen (Amsterdam, The Netherlands) or 
Baseclear (Leiden, The Netherlands) using the primer 515f (5′-
GTGCCAGCMGCCGCGGTAA-3′). After sequence quality trimming using the program 
Phred (Green and Ewing 2002), sequences were blasted against the greengenes and SILVA 
database using the SINA alignment service for phylogenetic identification (Pruesse et al. 
2012). The sequences were deposited in Genbank under the accession numbers KX503324-
KX503369. 
 
Estimation of relative abundance in field soil 
For estimation of abundance in field soil the isolate sequences were blasted against an OTU 
reference table using NCBI blastn (NCBI, Bethesda, Maryland, USA). The OTU reference 
table had been generated from a 454-sequencing database containing sequences from seven 
soil replicates that were collected from the same site as the isolates. The isolate sequences 
were matched to an OTU with a percentage identity cut-off of 97%. The mean relative 
abundance of the OTU match in the sequencing database was taken as the relative abundance 
of the isolate in soil. In addition, we will in the following define rare OTUs as those occurring 
at a relative abundance <0.01% and abundant OTUs as those occurring >0.01% in the 
sequencing database. 
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For a detailed description of isolation of soil bacteria, identification of isolates, and 
estimation of relative abundance in the environment see Kurm et al. (2017). The present study 
contains a subset of the isolates used in Kurm et al. (2017) as additional isolates were obtained 
by other methods that could not be directly compared with the flow sorting. 
 
Data analysis 
All statistical analyses were performed in R studio with R version 3.2.3. (R Core Team 2016). 
Abundance distributions between the field soil and unique isolated OTUs were compared 
with a Kolmogorov Smirnov-test. The abundance distributions of the different phylogenetic 
classes were tested in the same way. In addition, species abundance distribution models were 
fitted to the relative abundances of the OTUs in the field community and to the isolated OTUs 
using the radfit function from the vegan package (Oksanen et al. 2016). The Akaike 
Information Criterion (AIC) values of the models were compared to determine, which model 
fitted best. For this purpose, OTUs that were not detected in the field community, but present 
in the whole sequencing dataset were assigned an abundance of 1*10-7. The effect of different 
cultivation media on both the total number of isolates and the number of members of the 
different classes was tested with a generalized linear model using the glm() function, with 
the distribution family specified as “poisson” (n=5). The overall significance of the models 
were determined with the Anova() function from the car package (Fox and Weisberg 2011) 
and pairwise comparisons were performed with the function lsmeans() from the package 
lsmeans (Lenth 2016). The proportions of the five different classes found in this study was 
compared to their proportions in field soil (taking into account only the number of OTUs 
within a class, irrespective of their abundance) using a Chi-square test. The effect of 
cultivation medium on the square-root-transformed relative abundance in the environment 
averaged over the five replicates was tested with a one-way anova (n=5). The relationship 
between incubation time (defined as the time until first visible growth on plate) and relative 
abundance was tested with a Spearman rank correlation test. Similarly, the relationships 
between average growth rate (as assessed in (Kurm et al. 2017)) and incubation time, and 
between relative abundance and the number of times the same OTU was isolated, were 
determined. Whether different classes differed in their average incubation time was assessed 
with a linear model, using the average incubation time for each unique OTU as the dependent 
variable. To detect effects of the different growth media on incubation time a linear model 
was used with incubation time averaged over the five replicates per medium. Accumulation 
curves were generated for the incubation time on the different media and differences between 
the curves were tested with a Kolmogorov-Smirnov test. 
 
Results 
In total 172 isolates were obtained, corresponding to a cultivation success of 6% (defined as 
the number of isolates retrieved relative to the number of wells that were inoculated). Of 
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these isolates 113 were phylogenetically identified by sequencing and matched to an OTU 
from the 454-sequencing database. Based on the OTU match, the isolates could be grouped 
into 43 different OTUs. 
 
Relative abundance 
From the 43 isolates with unique OTUs, 30% were abundant and 70% were rare, based on 
their abundance in the field (Table 1). In the field community, across all OTUs, 95% of all 
OTUs were rare and 5% were abundant. The relative abundances of the isolated OTUs 
differed significantly from the relative abundances of the field community (Kolmogorov-
Smirnov test; D=0.3, p<0.01). Moreover, the shape of the species abundance distributions 
differed between the field community and the isolated OTUs: a Zipf-distribution fitted best 
for the field community (parameters: A=7430, γ=-2.56), while the best fit for the isolated 
OTUs was a Zipf-Mandelbrot distribution (parameters: A=5.9*1012, γ=-10.34, β=17.1) (Fig. 
1, for all models fits see Table S1). There was no significant correlation between the number 
of times the same OTU was isolated and its relative abundance in the field (Spearman 
correlation; rho=0.15, p=0.35). 
 
Cultivation success differed significantly between the media (Anova, Χ2=33.15, p<0.01). 
Most isolates were obtained from 0.01-strength and 0.1-strength tryptone soy broth agar (0.01 
TSA and 0.1TSA), whereas least isolates grew on soil agar without added nutrients (SA-) and 
dilute nutrient broth agar (DNB) (Fig. S1, Table 1). Of the 43 unique OTUs, 60% were 
specific to one medium. Most of these unique OTUs were obtained from 0.1TSA and WYA 
(8 and 7 OTUs respectively). The relative abundances of isolates growing on one medium 
were highly variable. There was no significant difference in average abundance of isolates 
between the different cultivation media (anova, F5,22= 1.5, p=0.23; Fig. 2). 
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Table 1: Number of isolates from the respective cultivation medium, abundance and 
incubation time 
 
 
 
No. of 
isolates 
0.01TSA 0.1TSA DNB SA- SA+ WY
A 
No. of isolates  
Total no. of isolates 113 36 23 13 7 15 19 
No. of rare isolates 76 22 14 10 5 11 14 
No. of abundant 
isolates 
37 14 9 3 2 4 5 
No. of OTUs 43 18 17 10 7 9 11 
No. of rare OTUs 30 10 9 7 5 7 10 
No. of abundant OTUs 13 8 8 3 2 2 1 
No. of unique OTUs 26 4 8 2 1 4 7 
No. of shared OTUs 17 14 9 8 6 5 4 
Class 
 
No. Actinobacteria 22 6 4 7 1 1 3 
No. Bacilli 11 4 1 0 1 4 1 
No. 
Alphaproteobacteria 
28 10 5 1 2 2 8 
No. 
Betaproteobacteria 
17 6 5 2 1 1 2 
No. 
Gammaproteobacteria 
35 10 8 3 2 7 5 
Incubation time  
Average incubation 
time 
38.74 42.06 19.8
9 
31.38 60.5
0 
31.8
5 
55.9
4 
SE incubation time 2.73 4.89 4.52 6.22 14.6
9 
5.35 6.42 
41 
 
 
 
 
Fig. 1: Rank abundance distributions of a) all OTUs in the field community and b) isolated 
OTUs; grey dots represent OTUs and lines represent the fit of the best species abundance 
distribution model. 
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Fig. 2: Relative abundance of isolates grown on the different media averaged over the 5 
replicates per medium; error bars represent the standard error (n=5). 
 
Phylogeny 
All isolates matched with a similarity of 98%-100% sequence identity to already cultivated 
species. The isolates belonged to 5 different classes (Actinobacteria, Bacilli, 
Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria), 13 orders and 23 
families (Table S2).  
 
The proportions of the different classes among our isolates was similar to the proportions of 
the classes in soil (Chi-square test, Χ2=108, p=0.27; Fig. 3). However, there were significant 
differences in the abundance distributions of the different classes between the field soil and 
the isolates. There were significantly more abundant and less rare species among the isolated 
Actinobacteria and Bacilli than would be expected, but there were no differences for the 
Proteobacteria (Kolmogorov-Smirnov test, Alphaproteobacteria: D=0.4, p=0.11, 
Betaproteobacteria: D=0.2, p=0.80, Gammaproteobacteria: D=0.2, p=0.99, Actinobacteria: 
0.5, p<0.01, Bacilli: D=0.7, p=0.03, Fig. 4).  
 
All classes were found on all media, except for Bacilli, which were not found on DNB. There 
were no significant differences in class occurrence between the different media (Anova, 
Alphaproteobacteria: Χ2: 17.25, p<0.01; Betaproteobacteria: Χ2: 8.85, p=0.12, 
Gammaproteobacteria: Χ2: 11.35, p=0.05; Actinobacteria: 9.25, p=0.10; Bacilli: 9.95, p=0.08; 
Fig. S2).  For Alphaproteobacteria and Gammaproteobacteria the overall occurrence was 
significantly different, but this effect was no longer detectable in pairwise comparisons 
between the media.  
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Fig. 3: Percentage of the classes Alpha-, Beta- and Gammaproteobacteria, Actinobacteria 
and Bacilli in the field community including all other 80 classes and the 5 isolated classes 
only in the field community as well as in the set of isolated OTUs (n=43). 
 
 
 
Fig. 4: Frequency of OTUs belonging to the five classes at different relative abundances in 
the field community and in the isolate collection retrieved by flow cytometry.
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Incubation time 
The first growth event was observed 3 days after inoculation, the last after 133 days. On 
average isolates grew after 39 (± 29) days (Table 1). OTUs that were isolated several times 
were obtained at the beginning, as well as at the end of the experiment. Isolates that were 
only retrieved once in this experiment were found at the beginning, but also after 
approximately 3 months of incubation. 
 
There was no significant correlation between relative abundance and incubation time 
(defined as the time until first visible growth on plate) (Spearman correlation, rho=-0.01, 
p=0.91). However, there were significant differences between the various phylogenetic 
classes in their average incubation time (Anova, F4,36=5.14, p<0.01). Actinobacteria and 
Betaproteobacteria on average were observed earlier than Gammaproteobacteria and 
Alphaproteobacteria (Fig. 5). 
 
The growth medium did not significantly influence the incubation time (Anova, F5,22=1.93, 
p=0.13). The first growth event was observed after 3 days on SA+ medium and the last after 
133 days on SA- and 0.01TSA, but on each medium growth events were widely distributed 
over time leading to no significant differences. However, the pattern of cumulative growth 
events over time differed between the media. Whereas on 0.1TSA growth occurred mostly at 
the beginning over a short time period and levelled off after approximately 20 days, other 
media such as 0.01TSA and WYA showed a second series of growth events after 
approximately 50 days (Fig. S3). Accumulation curves differed significantly between 0.1TSA 
and 0.01TSA, WYA, DNB and SA- (Table S3). Most of the growth events occurred within 3 
months of incubation. Thereafter, only very few new growth events were observed.  
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Fig. 5: Density plot of number of isolates showing visible growth along incubation time; 
lines represent densities of the different classes. 
 
 Discussion 
Soil bacterial communities consist of a vast majority of rare species. While the cultivation 
approach presented in this study captured more rare than abundant bacterial OTUs (in the 
following called species), the proportion of rare species was significantly lower than the 
actual proportion in soil. This was confirmed by differences in species abundance 
distributions as a higher γ-parameter indicates a lower species evenness and an abundance 
distribution of few dominant and many rare species (Wilson 1991, Spatharis and Tsirtsis 
2013). On the one hand, this can result from the naturally larger cell density of abundant 
species, which makes them more likely to be recovered by chance. On the other hand, species 
that are abundant in the field might possess traits that facilitate their growth in culture. Still, 
the recovery of a high proportion of abundant species is unexpected since we selected for 
rare species by sorting small cells with a diameter of ~ 0.5 μm and preventing 
interspecific competition. A low competitive ability has been suggested to be a main cause 
of species rarity (Hibbing et al. 2010). Excluding competition did not lead to an adequate 
representation of rare species among the isolates. Therefore, competition was likely not the 
main restriction for their cultivation. Still, our findings indicate that rare soil bacterial species 
are likely to be underrepresented in many contemporary cultivation attempts since we 
employed common cultivation techniques, while also selecting for rare species using 
methods suggested by former studies (Hibbing et al. 2010, Portillo et al. 2013).  
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As rare species were not restricted by competition, the choice of cultivation media might 
have favoured the growth of more abundant species. Although the media used in this study 
differed in composition, most of them contained easily degradable substrate and commonly 
support the growth of a variety of saprotrophic species. It has been suggested that rare species 
might be adapted to specific niches or scarce substrates accounting for their low abundance 
(Flather and Sieg 2007). Alternatively, rare species might require chemical compounds 
produced by other species either as signalling compounds or as a nutrient source (Kaeberlein 
et al. 2002). These species consequentially could not be cultured with common media and in 
isolation. Soil agar should have provided substrates that are naturally present in soil and 
similar media have been reported to lead to the cultivation of a diverse array of species. 
However, autoclaving can lead to significant changes in the structure of soil organic carbon 
and especially increase the amount of easily degradable carbohydrates (Berns et al. 2008). In 
contrast to species abundance, the media differed in the number of cultured species. TSA 
medium of 0.01- strength showed the highest cultivation success indicating that this low-
strength medium can be even more efficient for bacterial cultivation than the frequently used 
0.1-strength TSA (McCaig et al. 2001). This might be because of the lower nutrient 
concentrations that more closely resemble oligotrophic conditions in soil.  
 
In contrast to our expectations, we did not find novel (i.e. previously uncultured) taxa in our 
set of isolates. All of them were highly similar to sequences of cultured isolates in the NCBI 
Genbank. Davis et al. (2005) reported an increase in novel isolates with increased inoculum 
dilution and suggested that a decrease in competition might have led to the growth of yet 
uncultured species. Our results do not support this assumption because flow sorting 
effectively excluded interspecific competition on the cultivation medium. In addition to novel 
species, several widespread soil taxa were missing from our isolates, such as members of the 
phyla Acidobacteria, Verrucomicrobia and Gemmatimonadetes, which can be prominent in 
soils (Janssen 2006, DeBruyn et al. 2011). In several studies, using similar media as were 
employed here, such as 0.1TSA and DNB, members of these phyla were isolated, as well as 
novel orders and families (Sait et al. 2002, Joseph et al. 2003). Low abundance cannot explain 
their absence from our culture collection, as several of these taxa have been found to be 
highly abundant in soil (Janssen 2006, Bergmann et al. 2011). Verrucomicrobia, for example, 
occurred at an average abundance of 0.17% in the sampled soil, based on the sequencing 
data. Moreover, selecting for small cells should have favoured the cultivation of these taxa 
as they have been reported to belong to a size range of <0.8 μm (Portillo et al. 2013). It is 
possible that the flow sorting approach and prior treatment of the soil samples discriminated 
against these taxa, for example due to sensitivity of some taxa to sonication (Foladori et al. 
2007). Alternatively, isolates that were cultured but that could not be identified by Sanger 
sequencing, either due to being recalcitrant to DNA extraction or subsequent PCR, might 
contain additional bacterial taxa. It has been shown that primers that were formerly thought 
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to be universal for the bacterial 16S rRNA gene, discriminate against Verrucomicrobia, 
including the 1492r-primer (Bergmann et al. 2011) that was used in our study. 
 
While many bacterial taxa were not present among our isolates, the proportions of the classes 
Alpha-, Beta- and Gammaproteobacteria as well as Actinobacteria and Bacilli were 
remarkably similar to their proportions in soil. In addition, there were no differences between 
cultivation media with respect to the recovery of the different classes. Together these results 
indicate that the flow cell sorting, the used media, and subsequent molecular identification 
did not discriminate against these classes. Many studies on the cultivation of soil bacteria 
reported these five classes as among the most frequently isolated (Ellis et al. 2003, Davis et 
al. 2005, Nunes da Rocha et al. 2009). They contain a high diversity of families, orders and 
genera with many members that are adapted to saprotrophic growth. Nevertheless, we found 
differences between the relative abundance distribution of the isolates in the field and the 
overall relative abundance of these classes. Isolates belonging to the Actinobacteria and 
Bacilli were on average more abundant in soil than would be expected. This was especially 
pronounced for the Actinobacteria, although they were among the most commonly isolated 
classes in this experiment and hence a higher number of rare species would be expected by 
chance. Studies concentrating on enhancing the cultivation success of Actinobacteria have 
suggested that members of this class are slow growing and sensitive to competition 
(Srinivasan et al. 1991). However, this cannot explain the underrepresentation of rare 
Actinobacteria in the present study, as our approach excluded competition and provided long 
incubation times. 
 
According to our expectations, rare species did not require longer incubation times than 
abundant species. This is in support of findings that rare species can be fast growing and 
highly active in the environment (Baldrian et al. 2012, Kurm et al. 2017). However, we did 
not find evidence that novel species would emerge on plates after longer incubation times as 
has been reported by Davis et al. (2005). Still, there were differences between classes with 
respect to incubation time as Alpha-and Gammaproteobacteria required longer incubation 
times than Actinobacteria and Betaproteobacteria. These differences between classes suggest 
that growth in culture might not be completely random, but partly dependent on bacterial 
phylogeny. Mitsui et al. (1997) found that Alphaproteobacteria needed longer incubation 
times than other taxa and suggested slow growth and an oligotrophic life-style as the 
underlying mechanism. For the Gammaproteobacteria, however, we can only speculate about 
the possible causes of such temporal dynamics. First, members of this class might have been 
disproportionally inactive in the soil due to unfavourable condition at the time of sample 
collection. Second, the isolated species might have been less efficient in adjusting to changes 
in environmental conditions, such as transfer to an artificial medium. Differences in 
cultivation media are unlikely to affect the incubation times of the different classes since 
none showed preferential growth on one medium. We also did not detect differences in 
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incubation time between the media. The differences between taxa with respect to incubation 
time indicates an increase in phylogenetic diversity with progressing incubation time. 
Interestingly, in spite of the lack of overall differences in incubation time between the media 
the patterns of cumulative growth differed between the media emphasizing the merit of a 
prolonged incubation time for at least some cultivation media. 
 
In conclusion, we show that rare soil bacterial species were underrepresented in an isolate 
collection even when selecting for small cells and alleviating competition. This suggests that 
also other collections might be skewed towards the more abundant species. Hence, insights 
originating from the study of isolated species so far might be based on the more abundant 
species, which could behave differently from the rare ones. Many steps still have to be taken 
to comprehensively study the cultivability of rare species as the present study represents only 
one of many available techniques. We propose that the use of a wider variety of substrates 
for cultivation, including recalcitrant compounds, as well as co-cultivation techniques with 
other species should be tested for their suitability for the cultivation of low abundant species. 
Extended incubation time, however, might not be necessary. 
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Supplementary Information 
Table S1: Model fits and parameter estimates of the broken-stick, the niche-preemption, the 
log-normal, the Zipf and the Zipf-Mandelbrot model for species abundance distributions in 
the field community and for unique isolated OTUs; the broken-stick model is the Null-
model; the models were fitted using the function radfit from the vegan package in R 
(Oksanen et al. 2016); the Zipf-Mandelbrot and log-normal models did not converge for the 
field community and the log-normal model did not converge for the isolated OTUs; 
parameter 2 represents the γ-parameter of Zipf and Zipf-Mandelbrot models and parameter 
3 represents the β-parameter of Zipf and Zipf-Mandelbrot models. 
 
Model Parameter 
1 
Parameter 
2 
Parameter 
3 
Deviance AIC 
Broken-stick    138352 -519288 
Niche preemption 0.00046   61959 -544667 
Zipf 7430.4 -2.56  14314 -583699 
      
Broken-stick    279.7 -822 
Niche preemption 0.25   46.2 -923 
Zipf 510.9 -4.87  55.8 -912 
Zipf-Mandelbrot 5.9*1012 -10.34 17.06 24.0 -951 
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Table S2: Unique OTUs, phylogenetic affiliation and relative abundance in the field soil 
 
OTU 
numbe
r 
Phylum Class Order Family Genus Species Relative 
abundance 
(%) 
Otu000
004 
Actinob
acteria 
Actinobacte
ria 
Actinomy
cetales 
Micrococca
ceae 
Arthrobac
ter 
psychrola
ctophilus 
0.70986 
Otu000
009 
Proteob
acteria 
Gammaprot
eobacteria 
Pseudomo
nadales 
Pseudomon
adaceae 
Pseudomonas 0.08773 
Otu000
019 
Proteob
acteria 
Betaproteob
acteria 
Burkholde
riales 
Oxalobacte
raceae 
Janthinobacterium 0.20133 
Otu000
043 
Proteob
acteria 
Betaproteob
acteria 
Burkholde
riales 
Comamona
daceae 
  
0.13353 
Otu000
103 
Actinob
acteria 
Actinobacte
ria 
Actinomy
cetales 
Microbacte
riaceae 
Microbacterium 0.09286 
Otu000
146 
Proteob
acteria 
Alphaproteo
bacteria 
Caulobact
erales 
Caulobacte
raceae 
Phenylobacterium 0.08986 
Otu000
168 
Actinob
acteria 
Actinobacte
ria 
Kineospor
iales 
Kineospori
aceae 
Quadrisphaera 0.10911 
Otu000
182 
Firmicu
tes 
Bacilli Bacillales Bacillaceae Bacillus flexus 0.01102 
Otu000
201 
Actinob
acteria 
Actinobacte
ria 
Actinomy
cetales 
Intrasporan
giaceae 
Terracoccus 0.06953 
Otu000
323 
Actinob
acteria 
Actinobacte
ria 
Actinomy
cetales 
Nocardioid
aceae 
Aeromicrobium 0.02741 
Otu000
410 
Proteob
acteria 
Alphaproteo
bacteria 
Rhizobiale
s 
Bradyrhizo
biaceae 
Rhodopseudomonas 0.01974 
Otu000
486 
Proteob
acteria 
Alphaproteo
bacteria 
Rhizobiale
s 
Phyllobacte
riaceae 
Mesorhizobium 0.01251 
Otu000
660 
Firmicu
tes 
Bacilli Bacillales Paenibacill
aceae 
Paenibaci
llus 
amylolytic
us 
0.01559 
Otu001
096 
Actinob
acteria 
Actinobacte
ria 
Propioniba
cteriales 
Nocardioid
aceae 
Nocardioides 0.00283 
Otu001
144 
Proteob
acteria 
Gammaprot
eobacteria 
Pseudomo
nadales 
Pseudomon
adaceae 
Pseudomo
nas 
viridiflava 0.00000 
Otu001
370 
Actinob
acteria 
Actinobacte
ria 
Actinomy
cetales 
Nocardioid
aceae 
  
0.00116 
Otu001
629 
Firmicu
tes 
Bacilli Bacillales Staphyloco
ccaceae 
Staphylococcus 0.00434 
Otu002
092 
Proteob
acteria 
Gammaprot
eobacteria 
Enterobact
eriales 
Enterobact
eriaceae 
Pantoea 
 
0.00034 
Otu002
494 
Proteob
acteria 
Alphaproteo
bacteria 
Sphingom
onadales 
Sphingomo
nadaceae 
Sphingomonas 0.00027 
Otu003
445 
Proteob
acteria 
Alphaproteo
bacteria 
Rhizobiale
s 
Methyloba
cteriaceae 
Methylobacterium 0.00027 
Otu004
780 
Firmicu
tes 
Bacilli Lactobacil
lales 
Carnobacte
riaceae 
Carnobacterium 0.00047 
Otu004
967 
Proteob
acteria 
Betaproteob
acteria 
Burkholde
riales 
Oxalobacte
raceae 
Janthinobacterium 0.00000 
Otu005
079 
Firmicu
tes 
Bacilli Bacillales Staphyloco
ccaceae 
Staphylococcus 0.00027 
Otu005
151 
Proteob
acteria 
Alphaproteo
bacteria 
Rhizobiale
s 
Xanthobact
eraceae 
Ancylobacter 0.00197 
Otu005
676 
Proteob
acteria 
Alphaproteo
bacteria 
Sphingom
onadales 
Sphingomo
nadaceae 
Sphingom
onas 
echinoides 0.00000 
Otu005
905 
Proteob
acteria 
Alphaproteo
bacteria 
Rhizobiale
s 
Bradyrhizo
biaceae 
Bradyrhizobium 0.00034 
51 
 
Otu007
241 
Proteob
acteria 
Alphaproteo
bacteria 
Sphingom
onadales 
Sphingomo
nadaceae 
Sphingomonas 0.00000 
Otu007
669 
Proteob
acteria 
Gammaprot
eobacteria 
Pseudomo
nadales 
Pseudomon
adaceae 
Pseudomonas 0.00000 
Otu008
022 
Proteob
acteria 
Alphaproteo
bacteria 
Rhizobiale
s 
Bradyrhizo
biaceae 
Bradyrhizobium 0.00000 
Otu008
409 
Proteob
acteria 
Betaproteob
acteria 
Burkholde
riales 
Burkholder
iaceae 
Burkholderia 0.00000 
Otu009
814 
Proteob
acteria 
Gammaprot
eobacteria 
Pseudomo
nadales 
Pseudomon
adaceae 
Pseudomonas 0.00000 
Otu010
816 
Proteob
acteria 
Betaproteob
acteria 
Burkholde
riales 
Oxalobacte
raceae 
  
0.00000 
Otu012
375 
Proteob
acteria 
Alphaproteo
bacteria 
Rhizobiale
s 
Phyllobacte
riaceae 
Mesorhizobium 0.00000 
Otu014
999 
Proteob
acteria 
Betaproteob
acteria 
Burkholde
riales 
Comamona
daceae 
 
viridiflava 0.00000 
Otu015
064 
Proteob
acteria 
Gammaprot
eobacteria 
Pseudomo
nadales 
Pseudomon
adaceae 
Pseudomonas 0.00000 
Otu015
154 
Proteob
acteria 
Betaproteob
acteria 
Burkholde
riales 
Oxalobacte
raceae 
Janthinob
acterium 
veronii 0.00000 
Otu015
590 
Proteob
acteria 
Gammaprot
eobacteria 
Pseudomo
nadales 
Pseudomon
adaceae 
Pseudomonas 0.00000 
Otu016
359 
Actinob
acteria 
Actinobacte
ria 
Propioniba
cteriales 
Propioniba
cteriaceae 
Microlunatus 0.00000 
Otu016
709 
Actinob
acteria 
Actinobacte
ria 
Actinomy
cetales 
Microbacte
riaceae 
Cryocola 
 
0.00000 
Otu017
060 
Actinob
acteria 
Actinobacte
ria 
Corynebac
teriales 
Nocardiace
ae 
Rhodococcus 0.00039 
Otu017
699 
Proteob
acteria 
Betaproteob
acteria 
Burkholde
riales 
Oxalobacte
raceae 
Janthinobacterium 0.00047 
Otu018
048 
Actinob
acteria 
Actinobacte
ria 
Actinomy
cetales 
Microbacte
riaceae 
Microbacterium 0.00000 
Otu021
922 
Proteob
acteria 
Gammaprot
eobacteria 
Xanthomo
nadales 
Xanthomon
adaceae 
Pseudoxanthomonas 0.00000 
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Table S3: Results of pairwise Kolmogorov-Smirnov tests between the accumulation curves 
of growth events on the different media 
 
 
 
 
 
 
 
Fig. S1: Cultivation success (number of isolates relative to all 96 wells inoculated) on the 
different media; error bars represent the standard error (n=5). 
Medium 0.01TSA 0.1TSA DNB SA- SA+ WYA 
0.01TSA  D=0.46 
p=0.02* 
D=0.34 
p=0.23 
D=0.42 
p=0.34 
D=0.26 
p=0.58 
D=0.25 
p=0.50 
0.1TSA   D=0.64 
p<0.01* 
D=0.84 
p<0.01* 
D=0.46 
p=0.08 
D=0.62 
p<0.01* 
DNB    D=0.62 
p=0.09 
D=0.23 
p=0.89 
D=0.49 
p=0.05 
SA-     D=0.46 
p=0.35 
D=0.22 
p=0.98 
SA+      D=0.47 
p=0.07 
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Fig. S2: Proportion of isolates belonging to the five different classes retrieved from the 
different media. 
 
 
Fig. S3: Cumulative growth events over time on the different media; each symbol 
represents one growth-event.
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Abstract 
The abundance of species is assumed to depend on their life history traits, such as growth 
rate and resource specialization. However, this assumption has not been tested for bacteria. 
Here we investigate how abundance of soil bacteria relates to slow growth and substrate 
specialization (oligotrophy) versus fast growth and substrate generalization (copiotrophy). 
We collected 47 saprotrophic soil bacterial isolates of differing abundances and measured 
their growth rate and the ability to use a variety of single carbon sources. Opposite to our 
expectation, there was no relationship between abundance in soil and the measured growth 
rate or substrate utilization profile (SUP). However, isolates with lower growth rates used 
fewer substrates than faster growing ones supporting the assumption that growth rate may 
relate to substrate specialization. Interestingly, growth rate and SUP were correlated with 
phylogeny, rather than with abundance in soil. Most markedly, Gammaproteobacteria on 
average grew significantly faster and were able to use more substrates than other bacterial 
classes, whereas Alphaproteobacteria were growing relatively slowly and used fewer 
substrates. This finding suggests that growth and substrate utilization are phylogenetically 
deeply conserved. 
We conclude that growth rate and substrate utilization of soil bacteria are not general 
determinants of their abundance. Future studies on explaining bacterial abundance need to 
determine how other factors, such as competition, predation and abiotic factors may 
contribute to rarity or abundance in soil bacteria. 
 
Introduction 
Many communities contain a few abundant species, while most other species are low 
abundant, or even rare (Magurran and Henderson 2003), so that a general question in ecology 
is what causes rarity and abundance. However, this question has not yet been extensively 
addressed with respect to soil bacteria. Recent developments in sequencing technology reveal 
enormous numbers of belowground bacterial species with approximately 104 - 106 different 
species, based on numbers of OTUs (operational taxonomic units), in one single gram of soil 
(Bent and Forney 2008). As a consequence of this high diversity the species abundance 
distribution of microorganisms in soil is even more skewed than of most other species in their 
habitat, resulting in a long tail of many low abundant species. Some of these species detected 
by sequencing might be inactive or relic DNA (Carini et al. 2016), but many were found to 
be actively contributing to community dynamics in space and time (Shade et al. 2014). This 
has been named the ‘rare biosphere’ (Sogin et al. 2006). Although there are many studies that 
provide indications on the functions of rare bacterial species, the causes of their low 
abundance are poorly investigated.  
 
Species abundance can be driven by a variety of factors. The most fundamental are the local 
abiotic conditions and the biotic interactions that a species experiences. These act in concert 
with a species’ inherent traits, for example growth rate or substrate utilization, the ability to 
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tolerate abiotic conditions, and habitat range, which can be regarded as measures for niche 
breadth. Moreover, these factors can act interdependently to shape species abundance (Van 
der Putten et al. 2010). Here we study which inherent traits can potentially determine the 
abundance, and especially rarity, of bacterial taxa in soil. Rarity can be defined as either a 
restriction in habitat and geographic range (i.e. occurrence at few sites) or local abundance 
(i.e. species density at one site) (Rabinowitz 1981). In our study, we consider rarity as a 
synonym for a low local abundance.  
 
Studies on macroscopic organisms suggest that rarity of species is often associated with low 
growth rate and/or low fecundity; this relationship has been found for plants (Murray et al. 
2002), as well as for vertebrates such as mice and darter fish (Kunin and Gaston 2012). Also 
for bacteria it has been suggested that rare taxa are slow growing with small cell sizes, which 
enables escape from predation and viral lysis (Pedrós-Alió 2006). This reflects a life-history 
strategy of permanent rarity that has indeed been demonstrated for some taxa (Lynch and 
Neufeld 2015). However, there is also a high number of so-called conditionally rare taxa that 
can be either rare or abundant at different points in time and space, largely dependent on 
changes in abiotic conditions (Shade et al. 2014). In addition, bacterial species have been 
found that are actively growing, but still are rare, possibly due to disproportional competition 
or predation (Hugoni et al. 2013).  
 
Also niche breadth is suggested to be positively correlated to both range size and local 
abundance, which we study here (Slatyer et al. 2013). In other words, regionally and locally 
rare species are supposed to be more likely to be specialists, albeit that highly specialized 
species can still be locally abundant if suitable conditions are met. Niche breadth for 
saprotrophic microorganisms has been commonly assessed by measuring the species’ 
substrate utilization profile (SUP), differentiating between substrate specialists with a narrow 
SUP and generalists that have a wide SUP (Wei et al. 2015). Also for bacteria, generalist 
species may attain higher abundances, whereas specialists may be more rare (Wilson and 
Lindow 1994). A narrower range of substrate utilization and high overlap of SUP with other 
bacterial species are also possible causes of low abundance, since it can lead to increased 
competition (Wei et al. 2015). On the other hand, studies on decomposition have shown that 
at least some low abundant bacterial taxa are highly specialized in their substrate use (Pester 
et al. 2010) and have little niche overlap with more abundant species as their loss leads to a 
decrease in some aspects of decomposition (Peter et al. 2011, Philippot et al. 2013b). 
 
Growth rate and substrate utilization are two important traits in the oligotrophic-copiotrophic 
concept (Koch 2001). According to this concept, copiotrophic bacteria exhibit high growth 
rates under nutrient-rich conditions, whereas oligotrophic bacteria have lower growth rates, 
but are able to sustain growth under nutrient-poor conditions. Thus, oligotrophs may be at 
disadvantage under nutrient-rich conditions, but are able to outcompete copiotrophs when 
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the environment is nutrient-poor. In addition, copiotrophs are assumed to be able to adapt to 
a wide range of habitats and niches marking them as generalists (Koch 2001). Based on this, 
oligotrophic species are expected to be more specialized. This is further supported by the 
finding that oligotrophic species often have smaller genomes than copiotrophs (Christie-
Oleza et al. 2012). Moreover, fast growing copiotrophic bacteria have been proposed to 
contain more copies of the 16S rRNA gene enabling them to more rapidly respond to 
enhanced resource availability (Roller et al. 2016). The exhibition of oligotrophic and 
copiotrophic traits could influence the abundance of bacteria in the natural environment and 
these traits might be conserved in certain classes or phyla (Fierer et al. 2007).  
 
Oligotrophic bacteria are supposed to be slow growing and more specialized in their substrate 
use (Semenov 1991). Similarly, it is often assumed that low growth rates can lead to bacterial 
rarity (Pedrós-Alió 2006). However, it has not yet been tested to what extent restricted 
substrate use and slow growth determine bacterial abundance in soil. Here we investigate the 
relationship between two intrinsic species traits, growth rate and substrate utilization, and 
abundance of saprotrophic bacteria in soil to elucidate potential factors shaping microbial 
communities. We tested three hypotheses: 1) rare bacterial species have on average lower 
growth rates than abundant species, 2) rare bacterial species utilize fewer carbon-sources than 
abundant bacterial species, and 3) bacterial species with a lower growth rate are also utilizing 
fewer carbon-sources than fast growing species.  
In order to test the three hypotheses, we isolated 47 saprotrophic (i.e. organotrophic and 
heterotrophic) bacterial strains from soil in an old field in The Netherlands and determined 
relative abundance in soil by blasting the isolate sequences against an OTU reference 
database generated from a pyrosequencing approach using the same soil. Growth rates were 
determined experimentally and all strains were exposed to 31 different substrates in order to 
test relationships between relative abundance, growth rate, the number of carbon-sources 
used, and the substrate utilization profile.  
 
Methods 
Isolation of bacteria 
Soil samples for bacterial cultivation were taken from a long-term diversity experiment on 
ex-arable land near Ede (Gelderland, the Netherlands, 52°04′N 05°45′E), in which the 
development of a variety of abiotic and biotic measurements is being followed since 
abandonment from agriculture in 1995 (Van der Putten et al. 2000). This site was selected 
because of the high amount of information available on the soil characteristics (Olsen P=90±3 
mg.kg-1, %orgC= 4.2±0.3, C:N= 16.8±0.1, Min-N= 10.6±0.8 mg.kg-1, pH=6.2±0.1)  (van de 
Voorde et al. 2012). Bacteria were isolated by both flow sorting with a flow cytometer 
(MoFlo Legacy Cell Sorter; Beckman Coulter, Miami, FL, U.S.A) and dilution plating. Flow 
sorting was done to increase the chance of isolating rare taxa as those have been found to be 
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overrepresented among the smaller cell size fractions (Portillo et al. 2013). Different 
approaches and media were chosen to enhance the chances of cultivating a broader range of 
bacterial species. Several oligotrophic media were used that have been shown to enable the 
cultivation of many previously uncultured microorganisms (Janssen et al. 2002, Joseph et al. 
2003). For the flow sorting approach, the media used were tryptone soy agar at 1/10 and a 
1/100 dilution, water yeast agar, dilute nutrient broth solidified with gellan gum, and soil agar 
with or without addition of nutrients (for composition of media see Appendix: Table S1). The 
media were used to prepare 96-well agar plates and wetted with phosphate buffer before flow 
sorting. One day prior to flow sorting 5.4 g of sieved soil were added to 130 ml phosphate 
buffer (1 g.l-1 KH2PO4; pH=6.5) and shaken for 1.5 h at 120 rpm. Bacterial cells were 
obtained from soil particles with sonication (2x 1 min) followed by shaking for 0.5 h and 
passing the soil solution through a 45 µm sieve. In addition, 130 ml of phosphate buffer 
without soil added was subjected to the same treatment as a control. The soil solution and the 
control were stained with SYBR green stain (Sigma-Aldrich) at a concentration of 1:100 and 
stored at 4°C in the dark until flow sorting. Due to the high cell density in the soil samples 
they were diluted 1:10 with the phosphate buffer to a concentration suitable for counting.  
 
The SYBR green stained particles in the samples were excited with a 488 nm laser beam. 
Fluorescence was measured at 580 nm and 530 nm as emitted by the SYBR green stain. 
Particles with low intensity fluorescence and a size of approximately 0.5 μm were selected 
and sorted into single wells of the 96-well plates, each containing one of 6 different media 
with 5 plates per medium. The plates were incubated at 20°C and checked regularly for 
visible bacterial growth. 
 
For dilution plating VL55 medium was used with the addition of 0.2 M xylan instead of 
glucose (Appendix: Table S1). This composition has been found to be suitable for the 
isolation of a wide range of different soil bacterial taxa (Sait et al. 2002). In addition, soil 
agar was prepared according to the protocol for the soil extract with salts (SES) medium 
described by Smirnov and Brown (2004) (Appendix: Table S1). One gram fresh weight of 
sieved soil was dispersed in 100 ml phosphate buffer and shaken for 1.5 h. Sonication (2x 1 
min) was followed by shaking for 0.5 h. The soil solution was passed through a 45 µm sieve. 
This 10-2 dilution was serially diluted in phosphate buffer up to 10-7. The 10-2 and 10-7 dilution 
were used to inoculate two plates each from both the VL55 and SES medium. One plate was 
inoculated with 100 µl of inoculum, the other by dipping the inoculation loop into the soil 
solution using the streak plate method. One plate of each medium was inoculated with 200 
µl of the 10-7 dilution only using the spread plate method. The plates were checked for colony 
formation every other day. Colonies visible by eye were purified by subcultivation on the 
respective medium. 
All cultures were repeatedly subcultivated on 1/10 diluted tryptone soy agar prior to the 
subsequent experiments. 
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Identification of bacterial cultures 
Colony-PCR was performed for amplification of the 16S rRNA gene. Colonies of pure 
isolates were picked from plates using sterile toothpicks and suspended in 25 µl SDS-lysis 
buffer (1.21 g.l-1 Tris, 0.372 g.l-1 EDTA, 0.5% SDS). The cells were lysed in a PCR 
thermocycler at 95°C for 5 min and 1 µl of the suspension was used as a template for PCR. 
From those isolates recalcitrant to this method, DNA was extracted using either the ZR 
fungal/bacterial DNA MiniPrep kit (Zymo Research, Irvine, U.S.A.), the Power soil DNA 
isolation kit (MO BIO laboratories, Carlsbad, U.S.A.) or the QIAmp DNA Mini kit (Qiagen, 
Venlo, The Netherlands) and 1 µl DNA was used as a template in the PCR. 16S rDNA 
fragments were amplified using the primers pA (5’-AGAGTTTGATCCTGGCTCAG-3’) 
and 1492r (5’-GRTACCTTGTTACGACTT-3’). Reaction mixes of 25 µl were prepared 
containing 2.5x PCR buffer, 200 µM of each deoxynucleoside triphosphate, 0.6 µM of each 
primer and 0.04 µM FastStart High Fidelity Polymerase (Roche, Basel, Switzerland). 
Amplification was carried out in a PCR C100 Touch Thermocycler (Bio-Rad Laboratories, 
Hercules, U.S.A.) using the following schedule: initial 2 min of denaturation at 94°C 
followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 1 min and 
extension at 72°C for 45 s. PCR products were sent for Sanger sequencing by Macrogen 
(Amsterdam, The Netherlands) or Baseclear (Leiden, The Netherlands) using the primer 515f 
(5’-GTGCCAGCMGCCGCGGTAA-3’). 
Sequence quality trimming was done on ABI format chromatograms using the program Phred 
(Green and Ewing 2002) with a phred quality value P of 0.00317 as trim cut-off. The trimmed 
sequences were blasted against the greengenes and the SILVA database using the SINA 
alignment service for phylogenetic affiliation (Pruesse et al. 2012). Sequences were deposited 
in Genbank under the accession numbers KX503324-KX503369 with the exception of 
VK47, which had an insufficient sequence-length. 
 
Estimation of relative abundance in field soil 
In order to estimate the relative abundance of the isolated strains in the field, their partial 16S 
rRNA gene sequences were compared to a sequence database containing 267189 sequences 
from 7 soil replicate samples. The replicates originate from the same soil used for bacterial 
cultivation. Samples were collected in February 2013 at 10 cm depth at a minimum distance 
of 30 cm. Sequences were obtained by pyrosequencing and grouped into 7086 reference 
OTUs at a 97% identity cut-off by de novo clustering (Kurm 2016). The de novo clustering 
method has the advantage that it is independent of a reference database and therefore does 
not discriminate against less well described lineages (Westcott and Schloss 2015). DNA 
extraction, sequencing and bioinformatics were done as described earlier (Hol et al. 2015a). 
We are aware of the semi-quantitative nature of pyrosequencing data, but it has been shown 
that proportional abundances can be approximated which allows separation into rare or 
abundant taxa (Pilloni et al. 2012). 
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The trimmed Sanger sequences were blasted against the OTU reference table generated from 
the respective database using NCBI blastn. The strains were matched to the OTU with 
percentage identity above a cut-off of 97%. The strain was subsequently matched to the 
closest related OTU. The mean relative abundance of sequences grouped into the respective 
reference OTU was consequentially taken as the relative abundance of the strain in soil. 
Several OTUs were not detected in the 7 pyrosequencing replicates used for comparison in 
this study, but were detected in other samples from the respective study, in which different 
disturbance treatments were applied to the soil indicating that they were present but under 
detection level in the undisturbed soil. Therefore, their relative abundance is designated as 0. 
Two strains, VK8 and VK14, could not be reliably assigned to an OTU and therefore were 
excluded from the data analysis on relative abundance. 
 
Growth rate measurement 
Precultures of isolates were prepared in liquid 0.1TSB (3 g.l-1 tryptone soy broth) on 96-well 
microplates (Greiner flat-bottom) and incubated for 48 h at 25°C on a flatbed shaker in order 
to achieve a similar growth stage for all isolates. For the final culture the precultures were 
inoculated at a concentration of 1:10 into both fresh 0.1TSB (i.e. low nutrient medium) and 
full strength TSB (30 g.l-1 tryptone soy broth) (i.e. high nutrient medium) on a new 
microplate. Plates were placed immediately in a Synergy HT microplate reader (Biotek, 
Winooski, U.S.A.). The optical density at 600 nm (OD600) was automatically recorded every 
30 min over a time period of maximal 60 h with continuous shaking between the 
measurements and normalized against an uninoculated blank medium measured 
simultaneously on the same plate. At least 5 independent measurements were performed for 
each strain. For isolate VK11, VK13, VK18, VK 20, VK21 and VK 38 1-2 replicates had to 
be omitted from statistical analysis due to difficulties in obtaining accurate measurements. 
Growth models were fitted and growth rates were calculated using the function gcFit from 
the package grofit in R (Kahm et al. 2010). 
 
Substrate utilization profiling 
The substrate utilization profile was assessed by the same principle as in Biolog microplates 
(Biolog, Inc., Hayward, USA). Microplates (96-well Greiner flat-bottom) contained a freshly 
prepared minimal OS medium (Schnider-Keel et al. 2000) with 0.2% Iodonitrotetrazolium-
chloride (INT) as a redox dye and 31 different substrates as a sole carbon source at a 
concentration of 10 mM (6 amino acids, 7 carbohydrates, 11 carboxylic acids, 1 phenolic 
acid, 4 polymeres and 2 miscellaneous) (Appendix: Table S2) together with one water 
control, fitting 3 assays per plate. The compounds were chosen to resemble substrates present 
in root exudates (Campbell et al. 1997). The availability of these substrates in the soil at the 
site of the isolates’ origin is, however, unknown. 
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Precultures in liquid 0.1TSB were washed 3 times in phosphate buffer and adjusted to an 
OD600 of 0.5. Subsequently, 20 μl of bacterial suspension were inoculated into 130 μl of 
medium resulting in a total volume of 150 μl per well. Strains were inoculated in duplicate 
on two different plates. The experiment was repeated 3 times for each strain, resulting in an 
n of 6. Optical density at 590 nm was measured in a microplate reader immediately after 
inoculation and subsequently once per day over a time period of 7 days. In between, plates 
were incubated at 25 °C on a flatbed shaker. 
 
Data analysis 
All statistical calculations were done in R version 3.2.3 (R Core Team 2016). 
The mean growth rate in TSB and 0.1TSB and the difference between the two means was 
calculated for each strain. The relationship between relative abundance in soil and mean 
growth rate was tested with a Spearman rank correlation test. To test for differences in 
phylogeny at class level between rare and abundant isolates a one-way Anova and Tukey 
Posthoc test were used. To determine the substrate utilization profile on microplates the slope 
of color development for each compound was calculated and the color development of the 
respective control well was subtracted. The compound was considered to be utilized by the 
inoculated bacterium if the resulting value exceeded a threshold of 0.001. In a matrix of 
compounds and replicates of strains tested, utilization was given the value 1, non-utilization 
was given a 0. This matrix was used subsequently to calculate the average number of carbon 
sources used by each strain. Spearman rank correlation tests were performed for number of 
carbon sources used, relative abundance, and growth rate. To detect potential patterns in the 
substrate utilization profiles the substrate utilization matrix was analysed by principal 
component analysis using the function prcomp(). Effects of relative abundance, growth rate 
and phylogeny of class level on the matrix were determined by permutational multivariate 
analysis using the function adonis() from the vegan package (Oksanen et al. 2016). A binary 
metric of carbon-source utilization was implemented with the function nestednodf(). Two 
isolates (VK13, VK20) had to be excluded from the substrate utilization analysis due to 
insufficient growth in precultures and sensitivity to EDTA respectively. 
 
The number of copies of 16S rRNA genes of the isolated species were estimated by aligning 
their sequences to a sequence database provided by Větrovský and Baldrian (2013) 
containing 7,081 16S rRNA gene sequences. The average 16S rRNA gene copy number from 
all members of the genera they were most closely related with (provided in the same article) 
was calculated to achieve the best estimate of copy number for the isolated species. 
Correlations between rRNA gene copy number, genome size, growth rate and number of 
carbon sources used were performed as described above. One-way Anovas and a subsequent 
Tukey Posthoc tests were used to test for differences in average growth rate, relative 
abundance, carbon source use and rRNA gene copy numbers between classes of bacterial 
isolates. 
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Results 
Isolation of bacteria 
Isolation by flow sorting and dilution plating yielded 160 isolates in total, which represented 
47 different OTUs. One representative isolate per OTU was used for all further analyses. For 
complete phylogeny see Supplementary Material (Appendix: Table S3). All isolates 
belonged to the classes Actinobacteria, Bacilli, Gammaproteobacteria, Betaproteobacteria 
and Alphaproteobacteria. All five classes included isolates of both rare and abundant taxa 
(Fig. 1). There were no significant differences in mean relative abundance of isolates among 
classes. It was not possible to statistically compare relative abundances among families, 
because most families were represented by only one or two isolates.  
 
Figure 1: Relative abundance of isolates plotted against rank abundance; different colours 
and symbols indicate different phylogenetic classes.  
 
Relationship between growth rates and relative abundance 
Strains grew on average faster in the high nutrient medium than in the low nutrient medium 
(p-value< 0.01, F1.0=65.5). The growth rates varied considerably among strains, especially 
in the high nutrient medium, differing with a factor of 30 between the fastest and slowest 
growing isolate. Variability of measurements was highly strain-specific: several strains were 
highly variable, whereas others were less so (Appendix: Table S4).  Over all, there was no 
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significant correlation between growth rate and the relative abundance in soil, neither in low 
nutrient (p-value = 0.43, rho=-0.12, data not shown), nor in high nutrient media (p-value = 
0.64, rho=-0.07; Fig. 2). 
 
Growth rates differed significantly between classes (p<0.01, F4.0=10.1).  In nutrient-rich 
medium Gammaproteobacteria had on average a 1.5x higher growth rate than Actinobacteria 
and an almost 4x higher growth rate than Alphaproteobacteria, whereas Bacilli had a 3x 
higher growth rate and Betaproteobacteria a 2.7x higher growth rate than 
Alphaproteobacteria (Appendix: Table S5). In the lower-nutrient medium, however, only 
Gammaproteobacteria were still faster growing than the other classes except for 
Betaproteobacteria (p<0.01, F4.0=6.7). Classes with a higher growth rate in TSB also had a 
higher number of rRNA gene copies (p<0.01, F4.0=10.78); Gammaproteobacteria had a 
significantly higher number of copies than Alphaproteobacteria and Betaproteobacteria, 
whereas Bacilli had more rRNA gene copies than members of all other classes except for the 
Gammproteobacteria where the difference was only marginally significant. Accordingly, 
there was a positive correlation between growth rates and the number of rRNA gene copies 
of the isolates (p<0.01, rho=0.48 and  p=0.01, rho=0.36  in low and high nutrient medium 
respectively) (Appendix: Table S4). 
As the distinct differences in growth rates between classes might have obscured a potential 
relationship between growth rate and relative abundance we tested for such a relationship 
within each class. However, also within each single class there was no correlation between 
relative abundance and growth rate. 
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Figure 2: Average bacterial growth rates in high nutrient medium of single isolates (OD600 
change h-1) plotted against their relative abundances (%) in soil (n=45); each dot represents 
a single isolate; the error bars indicate standard deviation. 
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Figure 3: The average number of carbon sources utilized by bacterial isolates plotted against 
A) their relative abundance in soil (%) (n=43) and B) average bacterial growth rate in high 
nutrient medium (h-1) (n=45); dots represent single isolates; the error bars indicate standard 
deviation.  
 
Substrate utilization profile (SUP) 
The number of used carbon sources showed a significant positive association with growth 
rate in both media (p<0.01, rho=0.63 and p<0.01, rho=0.47 for low and high nutrient media 
respectively) (Fig. 3b) and with the difference between growth in low and high nutrient 
medium (p<0.01, rho=0.43). Gammaproteobacteria, which were growing fastest on average, 
67 
 
were able to utilize a higher number of carbon sources than strains belonging to the other 
classes (p<0.01, F4.0=8.73). However, we did not detect a relationship between number of 
carbon sources utilized and relative abundance in soil (Fig. 3a). 
Along the first axis of the PCA the SUPs of the isolates separated out into two groups (Figure 
4). The substrates that contributed to this separation belonged to a variety of different 
compound classes, i.e. carbohydrates, carboxylic acids, amino acids as well as polymeric 
compounds. There was a significant association between growth rate and SUP (F-
model=3.83, R2=0.08, p<0.01; F-model=2.37, R2=0.05, p=0.02 in both media respectively). 
SUPs of strains belonging to different classes were significantly different from each other (F-
model: 1.79, R2=0.16, p<0.01). On the other hand, relative abundance in soil did not correlate 
with the SUP. 
 
A binary matrix of utilization of every carbon source by every isolate showed that niche 
overlap was relatively high as every compound could be used by at least 6 isolates. Isolates 
that utilized only few substrates often used substrates that were also utilized by many other 
isolates (Appendix: Fig. S1). 
 
 
Figure 4: PCA of carbon source utilization of all bacterial strains, dots represent single 
isolates. Colors represent different bacterial classes; the size of the dots represents relative 
abundance in soil on a continuous scale; proportion of variance explained expressed as 
percentages on the axes. 
68 
 
Discussion 
The aim of this study was to elucidate if growth rate and substrate utilization can explain the 
abundance of saprotrophic bacteria in soil. Growth rate was positively related to the number 
of substrates a species could use. This indicates that the isolates were distributed along a 
gradient from oligotrophic to copiotrophic species. Moreover, growth rate and substrate 
utilization differed with species phylogeny. We did not find relative abundance in soil to be 
linked to slow growth or restricted substrate use that would have indicated an oligotrophic 
lifestyle of low abundant species. On the contrary, there was a high variation of these traits 
among the isolates irrespective of their abundance. 
 
Consequentially we had to reject our first hypothesis because there was no significant 
difference in growth rate between rare and abundant strains. Most rare species had potential 
growth rates as high as or even higher than abundant species. This is supported by the 
observation that many rare taxa are in fact highly active (Campbell et al. 2011). Some can 
become abundant upon change of environmental conditions, others are permanently rare in 
spite of their activity (Hugoni et al. 2013). For a few of the isolated strains, however, their 
low abundance in soil corresponded with a low growth rate. (Pedrós-Alió 2006) suggests that 
these slow growing strains can persist at low abundances because they are less vulnerable to 
predation since they have a small cell size and are less likely to be encountered. Interestingly, 
differences in growth rate between classes diminished with decreased nutrient concentration. 
This indicates that in even more nutrient-poor environments, such as soil, species identified 
as slow growers in this study might attain the same as, or even higher growth rates than their 
counterparts with the higher in vitro growth rates.  
 
Secondly, we tested the hypothesis that rare bacterial species are able to utilize fewer carbon-
sources than more abundant species. This hypothesis was rejected, because the number of 
substrates used was unrelated to relative abundance. Moreover, substrate utilization showed 
high overlap between isolates. In other words, there was an overlap in metabolic niche. This 
was unexpected, because organisms with a narrow niche breadth usually are less abundant 
than organisms with a wider niche (Tilman 2004, Wamelink et al. 2014). For example, 
epiphytic bacterial species that use more substrates had higher competitive advantage when 
co-inoculated (Wilson and Lindow 1994). A similar pattern emerges from invasion 
experiments; invasion success decreased when the invading strain had large niche overlap in 
substrate utilization with the resident community (Wei et al. 2015). Therefore, species 
utilizing few substrates that are also used by many other species are expected to be less 
abundant in their natural environment than species with a more general substrate uptake 
capacity. However, in the present study niche overlap could have been overestimated, 
because many substrates used in the SUP assay are easily degradable.  
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Strains that grew faster were able to utilize a higher number of substrates. Moreover, strains 
that diverged more in their growth in low and high nutrient medium utilized more substrates 
than strains showing a less pronounced decrease in growth rate under low nutrient conditions. 
This is in support of our third hypothesis and the oligotrophy-copiotrophy concept as 
copiotrophs respond more strongly to elevated nutrient conditions and are more generalistic 
in their resource use. In fact, we report for the first time a direct relationship between growth 
rate in a defined medium and the number of substrates that bacterial isolates utilize in an in 
vitro SUP analysis. Prior studies, on the other hand, have shown the ability of fast growing 
copiotrophs to quickly respond to labile C-sources. In an in situ study a relationship between 
the capability for fast growth and the rapid utilization of easily available carbon-sources was 
shown in highly diverse communities (Goldfarb et al. 2011). Fast growing bacterial taxa 
respond quickly to addition of labile substrates, whereas slow growing taxa declined in 
relative abundance upon substrate addition. Although slow growing organisms also might 
utilize many labile substrates, they are supposed to be less competitive under the employed 
conditions. Yet, we show that slow growing bacteria are restricted in their substrate use, even 
when growing in monoculture. Oligotrophic species not only appear to be less competitive 
with regard to their response to resource availability, as indicated by Goldfarb et al. (2011), 
but they also lack the ability to utilize as many substrates as copiotrophs in the first place.  
 
We found a trend for a positive relationship between rRNA gene copy number and growth 
rate, as has also been recently reported by Roller et al. (2016). It is assumed that a high 
number of rRNA gene copies can enable a fast synthesis of ribosomes and a rapid response 
of the bacterium to increases in nutrient concentrations (Stevenson and Schmidt 2004). To a 
certain degree the number of rRNA gene copies is phylogenetically conserved (Lee et al. 
2009). Indeed, our results show that differences in growth rate and substrate utilization 
correspond to differences in phylogeny. Also the substrate utilization profile differed 
significantly between phylogenetic classes. For a long time, it has been assumed that even 
closely related bacterial taxa differ substantially in their traits (Jaspers and Overmann 2004). 
While it may depend on the specific traits, only recently an in situ approach using stable 
isotope probing showed deeply rooted phylogenetic similarities in microbial activities 
(Morrissey et al. 2016). In the study by Morrissey et al. (2016) growth and rate of carbon 
assimilation from glucose were clustered at the phylum level.  Alphaproteobacteria were on 
average more oligotrophic, whereas Beta- and Gammaproteobacteria showed rather 
copiotrophic traits. This is similar to our results, where Alphaproteobacteria are mostly slow 
growing and use only few substrates while Gammaproteobacteria grow fast and have a 
generalistic substrate use. Therefore, we demonstrate that even with in vitro substrate 
utilization tests of single isolates differences between broad taxonomic groups can be 
measured. 
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The lack of a relationship between relative abundance and growth rate or substrate use raises 
the question if the isolates and the general approach used in the present study sufficiently 
represent conditions in the soil. We were able to cultivate approximately 5% of the bacteria 
that were collected with the flow sorting approach, which is within the range of frequently 
reported cultivation efficiencies of bacteria collected from soil (Janssen et al. 2002, Puspita 
et al. 2012). A large proportion of the isolates are potentially low abundant in the 
environment. Still, soil hosts many more rare taxa that have not been included in our study. 
However, we already find considerable variation in growth rate and substrate use within our 
selection of isolates. The addition of more taxa would most likely have increased the 
variation. On the other hand, several candidate phyla have been found to contain mostly rare 
species (Lynch et al. 2012), which indicates that within these phyla shared traits contribute 
to their low abundance. Other potential limitations must be kept in mind as well, for example 
species-specific growth rates in other cultivation media or soil might differ from the rates 
recorded in the present study. Nevertheless, additional experiments with a subset of 10 of our 
isolates in Luria-Bertani (LB)-medium showed a high correlation between growth rates in 
the different media (Appendix S1: Fig. S2) indicating that our results are similar across media 
types. An advantage in the choice of TSB as a growth medium is that it shares no compounds 
with the SUP assay, so that the results from the two measurements are independent. In 
addition, we use relatively high nutrient concentrations to assess growth rates. Similar 
concentrations are likely to occur in the vicinity of plant roots, whereas bulk soil is rather 
nutrient poor. As mentioned above this might change the rank order of species growth rates. 
 
Laboratory conditions are often criticized to poorly resemble the natural environment. 
However, isolation allows to perform measurements on individual bacterial strains that are 
to date not possible to perform in situ. Especially for low abundant strains isolation-based 
methods are irreplaceable to study traits of specific species. However, it is notoriously 
difficult to determine the abundance of a cultured strain in the environment due to the high 
diversity in soil and phylogenetic identification by short 16S rRNA sequences. It has even 
been shown that 16S rRNA is often insufficient to distinguish ecologically different strains 
(Jaspers and Overmann 2004). Although the relative abundance reported in our study might 
not represent the exact abundance in soil, it is an approximation allowing us to investigate 
trends in the relationship of abundance with intrinsic bacterial traits. 
 
Over all, our results indicate that the abundance of bacterial species in soil are not solely 
determined by their growth rate. We also show that a narrow metabolic niche breadth and 
high overlap in substrate utilization among species do not necessarily lead to low relative 
abundance. Metabolic niche breadth is only one component of a species’ total niche breadth 
and other dimensions of a niche, such as habitat range and environmental tolerance might be 
better correlated with species abundance (Slatyer et al. 2013). We showed a separation of 
bacterial isolates into more oligotrophic or more copiotrophic species, but these two lifestyles 
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were not related to relative abundance in soil. It is likely that other factors differentially affect 
bacterial abundance. Apart from abiotic conditions, such as soil pH, temperature or salinity, 
competitive ability and vulnerability to predation or viral lysis can affect abundance in soil 
(Neuenschwander et al. 2015, Kirchman 2016). A competitively inferior strain can be low 
abundant in spite of its ability to grow fast. Similarly, fast growing species could be strongly 
controlled by protozoan predators or viruses (Simek et al. 1997). As a consequence, there 
might be considerable temporal and spatial variation in species abundance (Caporaso et al. 
2012). However, testing these possibilities requires further studies.  
 
Conclusions 
We conclude that bacterial growth rate is positively correlated to the number of carbon 
sources that it can use. This indicates that species are distributed along a gradient from 
oligotrophic to copiotrophic lifestyles. However, we did not find a relationship between 
relative abundance in soil and growth rate, or substrate use. On the contrary, rare bacterial 
species showed high variation in these traits. Therefore, we conclude that abundance in soil 
cannot be explained by growth rate and substrate use alone.  
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Supplementary Information 
 
Table S1: Composition of media used for bacterial isolation and cultivation success for 
flowsorting in percentage of isolates per number of inoculated wells. 
Name of medium Composition Cultivation 
success (%) 
0.1 Tryptone soy broth 
agar (TSA) 
3 g l-1 tryptone soy broth, 15 g l-1  bacto 
agar 
6.7 
0.01 Tryptone soy broth 
agar (TSA) 
0.3 g l-1 tryptone soy broth, 15 g l-1  bacto 
agar 
9.1 
Water yeast agar (WYA) 5 g l-1  NaCl, 0.05 g l-1  yeast extract, 20 g 
l-1  bacto agar 
6.5 
Dilute nutrient broth agar 
(DNB) 
0.03 g l-1   meat extract, 0.05 g l-1   peptone, 
8 g l-1   gellan gum, 1.26 mmol CaCl2 
4.2 
Soil agar + nutrients Supernatant of soil suspended in phosphate 
buffer (64 g l-1 KH2PO4, 36 g l-1    
Na2HPO4), 20 g l-1 bacto agar , 0.03 g l-1 
meat extract, 0.05 g l-1   peptone 
5.4 
 
Soil agar - nutrients Supernatant of soil suspended in phosphate 
buffer (64 g l-1 KH2PO4, 36 g l-1    
Na2HPO4), 20 g l-1 bacto agar 
3.5 
VL55+ xylan ATCC® medium 2734 protocol 
(http://www.lgcstandards-atcc.org) + 0.2 
M xylan  instead of glucose 
∗ 
SES agar 100 ml supernatant of soil in tap water, 
0.02 g l-1 KH2PO4, 0.02 g l-1 MgSO4x 
7H2O, 0.02 g l-1 KNO3, 15 g l-1 bacto agar 
* 
                                                          
∗ These media were used for isolation by dilution and not in combination with flow sorting; 
therefore, no data on cultivation success is available 
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Table S2: Sole carbon sources used for substrate use profiling; numbers behind compounds 
refer to Figure S1. 
Carbohydrates Carboxylic acids Amino acids 
Mannitol (9) Glutamic acid (11) Glycine (15) 
N-acetylglucosamine (5) Pyruvic acid (8) Arginine (23) 
D-cellobiose (22) Lactic acid (10) Asparagine (20) 
M-inositol (30) Propionic acid (31) Phenylalanine (16) 
Xylose (13) Gluconic acid lactone 
(17) 
Serine (18) 
Erythritol (24) Galacturonic acid (3) Glutamine (26) 
Lactose (29) 4-hydroxy benzoic acid 
(25) 
 
 Formic acid (14)  
 Succinic acid (1)  
 α-ketoglutaric acid (2)  
 Malic acid (12)  
   
Phenolic acids Polymeric Miscellaneous 
Vanillic acid (28) Tween 80 (21) Glucose-1-phosphate 
(7) 
 Tween20 (4) Glycerol-phosphate 
(27) 
 Dextrin (6)  
 Glycogen (19)  
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Table S3: Phylogeny of isolates used in this study. 
ID phylum class order family genus species 
VK1 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Intrasporan
giaceae 
Terracoccu
s 
 
VK2 Actinobact
eria 
Actinobact
eria 
Corynebact
eriales 
Nocardiace
ae 
Rhodococc
us 
 
VK3 Proteobact
eria 
Alphaprote
obacteria 
Rhizobiale
s 
Bradyrhizo
biaceae 
Bradyrhizo
bium 
 
VK4 Proteobact
eria 
Betaproteo
bacteria 
Burkholder
iales 
Comamona
daceae 
  
 
VK5 Proteobact
eria 
Gammapro
teobacteria 
Pseudomo
nadales 
Pseudomo
nadaceae 
Pseudomo
nas 
viridiflava 
VK6 Proteobact
eria 
Gammapro
teobacteria 
Pseudomo
nadales 
Pseudomo
nadaceae 
Pseudomo
nas 
 
VK7 Proteobact
eria 
Gammapro
teobacteria 
Pseudomo
nadales 
Pseudomo
nadaceae 
Pseudomo
nas 
 
VK8 Proteobact
eria 
Gammapro
teobacteria 
Pseudomo
nadales 
Pseudomo
nadaceae 
Pseudomo
nas 
 
VK9 Proteobact
eria 
Gammapro
teobacteria 
Xanthomo
nadales 
Xanthomo
nadaceae 
Pseudoxan
thomonas 
 
VK10 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Microbacte
riaceae 
Cryocola 
 
VK11 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Microbacte
riaceae 
Curtobacte
rium 
 
VK12 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Microbacte
riaceae 
Microbacte
rium 
 
VK13 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Microbacte
riaceae 
Microbacte
rium 
 
VK14 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Micrococc
aceae 
Arthrobact
er 
psychrolac
tophilus 
VK15 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Micrococc
aceae 
Arthrobact
er 
 
VK16 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Nocardioid
aceae 
  
 
VK17 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Nocardioid
aceae 
Aeromicro
bium 
 
VK18 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Nocardioid
aceae 
  
 
VK19 Actinobact
eria 
Actinobact
eria 
Actinomyc
etales 
Propioniba
cteriaceae 
Microlunat
us 
 
VK20 Actinobact
eria 
Actinobact
eria 
Kineospori
ales 
Kineospori
aceae 
Angustibac
ter 
 
VK21 Actinobact
eria 
Actinobact
eria 
Kineospori
ales 
Kineospori
aceae 
Quadrisph
aera 
 
VK22 Firmicutes Bacilli Bacillales Bacillaceae Bacillus flexus 
VK23 Firmicutes Bacilli Bacillales Paenibacill
aceae 
Paenibacill
us 
amylolytic
us 
VK24 Firmicutes Bacilli Bacillales Paenibacill
aceae 
Paenibacill
us 
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VK25 Firmicutes Bacilli Bacillales Staphyloco
ccaceae 
Staphyloco
ccus 
 
VK26 Firmicutes Bacilli Bacillales Staphyloco
ccaceae 
Staphyloco
ccus 
 
VK27 Firmicutes Bacilli Lactobacill
ales 
Carnobacte
riaceae 
Carnobact
erium 
 
VK28 Proteobact
eria 
Alphaprote
obacteria 
Caulobacte
rales 
Caulobacte
raceae 
Phenyloba
cterium 
 
VK29 Proteobact
eria 
Alphaprote
obacteria 
Rhizobiale
s 
Bradyrhizo
biaceae 
Bradyrhizo
bium 
 
VK30 Proteobact
eria 
Alphaprote
obacteria 
Rhizobiale
s 
Bradyrhizo
biaceae 
Rhodopseu
domonas 
 
VK31 Proteobact
eria 
Alphaprote
obacteria 
Rhizobiale
s 
Methyloba
cteriaceae 
Methyloba
cterium 
 
VK32 Proteobact
eria 
Alphaprote
obacteria 
Rhizobiale
s 
Phyllobact
eriaceae 
  
 
VK33 Proteobact
eria 
Alphaprote
obacteria 
Rhizobiale
s 
Phyllobact
eriaceae 
  
 
VK34 Proteobact
eria 
Alphaprote
obacteria 
Rhizobiale
s 
Phyllobact
eriaceae 
Mesorhizo
bium 
 
VK35 Proteobact
eria 
Alphaprote
obacteria 
Rhizobiale
s 
Xanthobact
eraceae 
  
 
VK36 Proteobact
eria 
Alphaprote
obacteria 
Sphingomo
nadales 
Sphingomo
nadaceae 
Sphingomo
nas 
echinoides 
VK37 Proteobact
eria 
Alphaprote
obacteria 
Sphingomo
nadales 
Sphingomo
nadaceae 
Sphingomo
nas 
 
VK38 Proteobact
eria 
Alphaprote
obacteria 
Sphingomo
nadales 
Sphingomo
nadaceae 
Sphingomo
nas 
 
VK39 Proteobact
eria 
Betaproteo
bacteria 
Burkholder
iales 
Burkholder
iaceae 
Burkholder
ia 
 
VK40 Proteobact
eria 
Betaproteo
bacteria 
Burkholder
iales 
Oxalobacte
raceae 
Janthinoba
cterium 
 
VK41 Proteobact
eria 
Betaproteo
bacteria 
Burkholder
iales 
Oxalobacte
raceae 
Janthinoba
cterium 
 
VK42 Proteobact
eria 
Betaproteo
bacteria 
Burkholder
iales 
Comamona
daceae 
  
 
VK43 Proteobact
eria 
Betaproteo
bacteria 
Burkholder
iales 
Oxalobacte
raceae 
  
 
VK44 Proteobact
eria 
Betaproteo
bacteria 
Burkholder
iales 
Oxalobacte
raceae 
Janthinoba
cterium 
 
VK45 Proteobact
eria 
Gammapro
teobacteria 
Enterobact
eriales 
Enterobact
eriaceae 
Pantoea 
 
VK46 Proteobact
eria 
Gammapro
teobacteria 
Pseudomo
nadales 
Pseudomo
nadaceae 
Pseudomo
nas 
veronii 
VK47 Proteobact
eria 
Gammapro
teobacteria 
Pseudomo
nadales 
Pseudomo
nadaceae 
Pseudomo
nas 
viridiflava 
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Table S4: Average growth rate and standard deviation in high nutrient (TSB) and low nutrient 
medium (0.1TSB), relative abundance in soil, number of C-sources utilized and number of 
rRNA copies from Větrovský and Baldrian (2013) of isolates used in this study. 
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Table S5: Growth rate (in TSB and 0.1TSB) and rRNA copy number of the 5 distinct classes 
(averages with minima and maxima in brackets and standard deviation); values followed by 
different letters indicate significant differences based on a Tukey HSD test, p<0,05. 
 
Class Average 
growth 
rate in 
TSB (h-1) 
Stdev Average 
growth rate in 
0.1TSB (h-1) 
Stdev Average 
rRNA copy 
number 
Stdev 
Actinobacteria 0.099b 
(0.047-
0.161) 
 
0.039 
 
 
0.020a 
(0.005-0.038) 
 
0.011 
 
2.55ac 
(1.00-5.25) 
1.64 
Bacilli 0.122bc 
(0.034-
0.212) 
 
 
0.044 
 
0.025a 
(0.012-0.044) 
0.0121 
 
7.93bd 
(2.00-12.71) 
4.60 
Alphaproteo-
bacteria 
0.041a 
(0.007-
0.094) 
 
0.069 
 
 
0.014a 
(0.003-0.028) 
0.0088 
 
1.81a 
(1.00-5.14) 
1.15 
Betaproteo-
bacteria 
0.111bc 
(0.038-
0.182) 
 
0.035 
 
 
0.036ab 
(0.014-0.077) 
0.0252 
 
2.95a 
(2.00-4.96) 
0.94 
Gammaproteo-
bacteria 
0.154c 
(0.125-
0.186) 
 
0.0575 
 
 
0.055b 
(0.0.15-0.128) 
0.0335 
 
4.82cd 
(1.50-6.80) 
1.47 
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Figure S1: Binary matrix of bacterial isolates and carbon source use; black checkerboard-
units indicate substrate utilization; carbon sources 1-31: see Appendix: Table S2; bacterial 
isolates VK1-VK47 see Table S3. 
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Figure S2: Average bacterial growth rate in LB-medium plotted against average growth rate 
in TSB-medium (OD600 change h-1) (n=10); error bars indicate standard deviations; results 
of a spearman correlation test: rho=0.88, p<0.01. 
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Chapter 4 
 
Importance of competition and predation as 
cause of bacterial rarity 
 
Viola Kurm, Wim H. van der Putten, Simone Weidner, Stefan Geisen, Basten 
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Abstract 
Low abundant species make up the majority of species in most communities, but the 
underlying reasons are still highly debated. To get a more comprehensive understanding of 
bacterial rarity, we studied constructed bacterial communities consisting of species differing 
in potential growth rates and their abundance in field soil. We tested how competition 
affected species abundance in these constructed communities under four different nutrient 
concentrations and with or without protist predation. Moreover, we tested whether there are 
indications for a trade-off between competitiveness and resistance to predation. We found 
that some fast growing species that were rare in the field, were able to reach high abundances 
in the constructed communities showing that they can be highly competitive and have the 
ability to become abundant. However, rare species were more reduced in abundance at lower 
nutrient concentrations compared to high nutrient concentrations than abundant species 
suggesting a competitive disadvantage of rare species under low-nutrient field conditions. In 
addition, we found that species that were rare in the field, especially those that were more 
successful in the predator-free communities, were more strongly reduced by predation than 
abundant species. Therefore, we conclude that bacterial species rarity could be caused by a 
more negative trade-off between competitive ability and predation resistance.  
 
Introduction 
Most communities consist of only a few abundant species, whereas the majority of species is 
low abundant, or rare (Magurran and Henderson 2003). This pattern, which applies to 
organisms of any size, from macro- to microorganisms, has stimulated studies addressing the 
question why so many species are rare (see e.g. Buckling et al. (2000); Torsvik et al. (1996)). 
However, only few studies have examined the causes of species rarity. Although several 
studies have identified single factors that might influence species abundance, it is poorly 
investigated how combinations of factors influence abundance.  Several single species traits 
have been associated with abundance, such as growth rate, niche specialization and 
reproductive traits (Flather and Sieg 2007). For instance, slow growing species are supposed 
to be less abundant than fast growing species (Murray et al. 2002). In addition, a high niche 
specialization has been found to correlate with low abundance (Wamelink et al. 2014). 
However, these traits alone are insufficient to explain species abundance in the field. It is 
unknown how they interact with other biotic factors, such as the presence of competitors and 
predators, or abiotic factors, such as nutrient availability, to shape species abundance. 
 
Competition can substantially influence species abundance. Certain species traits, such as 
growth rate, have been identified as good predictors of a species’ competitive ability. Fast 
growing species have been assumed to become abundant by quickly exploiting resources 
(Grime 1977, Amarasekare 2003). However, the species with the fastest maximal growth rate 
does not per se dominate the community (Grover 1991, Aerts 1999). Rather, the relationship 
between growth rate and competitive ability is dependent on nutrient availability. While 
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species with fast maximal growth rates and a high fecundity (so-called r-strategists) have an 
advantage when resources are abundant, slow-growing species (K-strategists) can 
outcompete fast growing species in environments with low resource availability due to their 
higher individual fitness (Wilbur et al. 1974). Thus, species growth rate in concert with 
nutrient availability may be a good predictor of its competitive ability and of its abundance 
in the community.  
 
Competition may be especially strong for bacteria because the high species diversity in 
bacterial communities should lead to a high redundancy in species traits and niche 
requirements (Hibbing et al. 2010). Many ecological concepts that have been developed for 
macroorganisms can be applied to the microbial world (Barberán et al. 2014) and it is not 
surprising that the same traits or trait combinations might predict the competitive success of 
macroorganisms, as well as of bacteria.  For example, bacterial species may be differentiated 
into r- and K-strategists, which are called copiotrophs and oligotrophs, respectively. 
Copiotrophs show high growth rates in nutrient-rich environments, whereas oligotrophs are 
typically slow growing (Fierer et al. 2007). Results from in vitro as well as in situ studies 
suggest that slow growing species may have an advantage under low nutrient concentrations 
due to their higher substrate affinities (Suwa and Hattori 1984, Vergin et al. 2013). As in 
plant communities, nutrient availability could influence the outcome of competition when 
the competitors differ in nutrient affinity. However, species traits, competitive ability and 
nutrient status alone might not sufficiently explain abundance, as many rare species have 
been found to be capable of fast growth and to be highly competitive (Rabinowitz et al. 1984, 
Campbell et al. 2011, Baldrian et al. 2012). 
 
In addition to competition, predation and viral lysis are also involved in determining species 
abundances, for example by influencing the outcome of competitive interactions. The “Kill 
the Winner” hypothesis, coined by Thingstad and Lignell (1997), states that the most 
competitive species for a resource is also most suppressed by predation. On the one hand, 
predation on the most competitive species might simply be the result of chance encounter 
(Bouvier and Del Giorgio 2007). On the other hand, species might invest more in traits 
increasing their competitiveness than in predator resistance or tolerance (Herms and Mattson 
1992, Strauss and Agrawal 1999, Winter et al. 2010). This differential allocation of limiting 
resources can consequentially result in a trade-off between a species performance in a 
community with and without predators. In addition, the ability to acquire resources can be 
impaired by predator avoidance strategies (Kneitel and Chase 2004b). Therefore, if such 
differences result in trade-offs, in the presence of predators, species that are (partially) 
resistant to predation, can outgrow non-resistant species, while in the absence of predators, 
the non-resistant species are supposed to be dominant.  
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Mechanisms of bacterial resistance to protist predation include morphological defences, such 
as the formation of filaments or cell aggregates, but also chemical defences, such as toxin 
production (Jürgens and Matz 2002). The cost of such anti-protist defences and hence the 
magnitude of a trade-off with bacterial competitiveness is poorly understood. It has been 
shown that species with rapid growth rates and a high competitive ability can be reduced to 
low abundances by protist predation, which indicates that predation might play an important 
role for species rarity (Neuenschwander et al. 2015). However, it is still unclear if this 
phenomenon of increased predation on fast growing species is due to a trade-off between 
competitiveness and predation resistance. Alternatively, chance of encounter could determine 
intensity of predation as assumed by studies proposing a low loss rate of rare species by 
predation and viral lysis due to their low abundance (Galand et al. 2009). Hence, the role of 
protist predation for bacterial abundances is still poorly understood. 
 
Several studies have shown that nutrient availability can alter the relative importance of 
competition and predation. In nutrient-poor environments, competition among plants and in 
rocky shore communities was the most important factor in shaping species abundances 
(Proulx and Mazumder 1998, Worm et al. 2002). At high nutrient levels, however, consumers 
(herbivores or predators respectively) were dominant in shaping community composition. 
The resource availability hypothesis (Endara and Coley 2011) predicts that slow growing 
plant species are not only more competitive under low nutrient concentrations, but also better 
defended against herbivores as the cost of tissue loss is higher. Thus, slow growing plant 
species are expected to have an advantage under low nutrient concentrations regardless of 
herbivory, whereas under high nutrient concentrations herbivory can have a more severe 
impact on community composition by reducing the fast growing species, which would 
otherwise outcompete slow growing species and might even drive them to extinction. Also 
in the bacterial world competition and predation can be modified by nutrient availability 
(Bohannan and Lenski 2000b). This can be due to the high production costs of predation 
resistance. Since the relative cost of grazing resistance is lower under nutrient-rich 
conditions, grazing resistant, inedible forms of bacteria should occur more frequently under 
nutrient-rich conditions (Jürgens and Matz 2002, Corno and Jürgens 2008). Furthermore, 
high nutrient concentrations have been found to increase predator densities leading to 
increased predation pressure (Corno and Jürgens 2008). This increased predation pressure as 
well as higher prevalence of inedible prey forms could contribute to an increased importance 
of the trade-off between competitive ability and predation resistance under high nutrient 
concentrations for bacteria.  
 
The aim of the present study is to investigate how nutrient availability can influence the 
abundance of species with different traits in the presence of competitors and predators. Based 
on the oligotrophic-copiotrophic concept we expect that fast growing species have a 
competitive advantage under high, but not under low nutrient conditions. Thus we tested the 
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hypothesis that species with high potential growth rates will become abundant under high 
nutrient concentrations, whereas species with low maximal growth rates will become 
abundant under low nutrient concentrations (1). Still, species of equal activity and growth 
rate have been found to be rare or dominant respectively under the same conditions 
(Hamasaki et al. 2007, Baldrian et al. 2012), inferring another important factor. Therefore, 
we tested the hypothesis that species that are low abundant in the field will be negatively 
affected by predation (2a) with a more negative relationship between abundance in the 
predator free communities and communities with predators compared to abundant species, 
which is indicative of a stronger trade-off between competitiveness and predation resistance 
(2b). Moreover, we hypothesize that the effect of predation on species abundances will be 
stronger at high nutrient concentrations than at low nutrient concentrations (3a) and that 
nutrient concentration will influence the relationship between abundance in predator free 
communities and communities with predators (3b). To test these hypotheses we used 
bacterial isolates, which we have grouped based on field abundance and potential growth rate 
in vitro (Kurm et al. 2017) resulting in four species groups: rare and slow growing (RarSlo), 
abundant and slow growing (AbunSlo), rare and fast growing (RarFas) and abundant and fast 
growing (AbunFas) species.  We studied their abundances in constructed communities at 4 
different nutrient levels and in the presence and absence of protozoan predators.  
 
 
Material and methods 
Bacterial isolates 
For cultivation of bacterial isolates see Supplementary Methods. 
We classified the bacterial isolates into rare and abundant species, with relative abundance 
cut-offs of <0.01% and >0.01% relative abundance in the field respectively. This particular 
cut-off was chosen as a rather conservative value of defining rare bacterial species, and has 
previously been employed by Galand et al. (2009). We further classified the isolates into slow 
and fast growing strains based on their average growth rate in TSB. Species with a growth 
rate <0.1 h-1 were considered to be slow growing, whereas species with a growth rate >0.1 h-
1 were considered as fast growing. This differentiation was based on the range and 
distribution of growth rates in our isolate collection (average growth rate: 0.098 h-1). Hence, 
the 24 species were grouped into 4 categories of 6 species each: (a) rare and slow growing 
(RarSlo), (b) abundant and slow growing (AbunSlo), (c) rare and fast growing (RarFas) and 
(d) abundant and fast growing (AbunFas) species (Table S1).  
 
Protist predators 
We used 3 protist isolates that were all member of the amoeboid genus Vanella sp. 
(supergroup: Amoebozoa, family: Vanellidae) isolated from grassland soil. 
For cultivation of protists see Supplementary Methods. 
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Community design and microcosm construction 
We designed 24 bacterial communities to contain 12 species each, with 3 species from each 
of the 4 abundance/growth rate categories (RarSlo, AbunSlo, RarFas, and AbunFas). For 
each category, the 3 species were drawn from the pool of 6 species in a constrained random 
approach avoiding overrepresentation of particular species or species combinations (Table 
S2). Microcosms consisted of Nunc 1.0 ml 96- Deep-well plates (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) containing 850 μl of medium (see below) and 50 μl 
MgSO4- buffer. We inoculated every community into each of 4 concentrations of liquid 
TSB (0.1, 0.01, 0.001 and 0.0001 TSB) resulting in 96 microcosms. All 24 communities at 
all nutrient concentrations were set up 4 times, crossed in a full-factorial design with each 
of the 3 protist predators and a predator-free control, resulting in 384 microcosms in total. 
We inoculated one additional replicate of each community in 0.1 TSB and harvested them 
immediately to serve as a baseline control to detect potential sequencing biases.  
Communities were constructed with a pipetting robot (Freedom Evo, Tecan, Männedorf, 
Switzerland), which transferred 8.3 μl of each bacterial monoculture into the respective well 
to create the designed communities consisting of 50 μl mixed bacterial culture (yielding a 
final concentration of 3 x 104 cells.ml-1) and a final volume of 1 ml per well. We covered the 
plates with sterile air-permeable sealing film and incubated them at 25°C. Starting 24 h after 
community construction the plates were agitated gently at 100 rpm until harvest to prevent 
anaerobic conditions.  
The samples were stored at -20°C until DNA extraction.  
 
DNA extraction and Illumina library preparation 
We extracted DNA from all microcosm communities using the QIAmp DNA Mini kit 
(Qiagen, Venlo, The Netherlands) with a pre-treatment with lysozyme and proteinase K 
according to manufacturer’s instructions. Subsequently, we amplified the v4-region of the 
16S rRNA gene using custom primers (Table S3). The reverse primer was barcoded with a 
12 bp goaly barcode enabling multiplexing. Each sample was amplified in triplicate. All PCR 
reactions contained 11.75 μl MQ-water 10 μl 5 Prime Hot Mastermix (Quantabio, Beverly, 
Massachusetts, USA), 1.25 μl BSA, 0.5 μl of forward and reverse primer (10 μM final 
concentration) and 1.0 μl genomic DNA. The PCR conditions were as follows: an initial 
denaturation step of 94°C for 5 min, 35 cycles of 45 s at 94°C, 60 s at 50°C and 90 s at 72°C, 
followed by a final extension step for 10 min at 72°C.  
We purified the PCR products using Agencourt AMPure beads (Beckman Coulter, 
Indianapolis, Indiana, USA) using a ratio of 1:0.7 of PCR product to bead volume. The 
purification was carried out according to manufacturer’s protocol and purified products were 
diluted in 30 μl MQ-water. We then measured the concentrations of the purified PCR 
products with a fragment analyser (Advanced Analytical, Ankeny, Iowa, USA) using the 
standard sensitivity NGS fragment analysis kit (Advanced Analytical). The products were 
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mixed in equal nanogram quantities and sent to BGI (Shenzhen, China) for 150 bp paired-
end sequencing. The three custom sequencing primers include two primers for reading the 
amplicon from each side and one for reading the barcode (for primer sequences see (Apprill 
et al. 2015)). 
 
Sequence analysis 
We merged paired end reads using the fastq-mergefiles option implemented in VSEARCH 
version 1.0.10 (Rognes et al. 2016), converted all sequences to the FASTA format and 
concatenated them to a single file. We clustered sequences into OTUs by de-replication with 
the UPARSE strategy using the UCLUST smallmem algorithm (Edgar 2010) and removed 
chimeric sequences with the UCHIME algorithm (Edgar et al. 2011). To match the sequences 
to the original 24 species we created a custom sequence database consisting of Sanger 
sequences from all isolates from the same region as the Illumina reads. In addition, we 
obtained neighbouring sequences of 97-100% identity for each isolate from the SILVA-
database and NCBI-genbank and included those in the custom database. Subsequently we 
mapped all reads before the de-replication step to the custom database with the 
usearch_global method from VSEARCH and a sequence identity of 97%. However, for the 
species S9 and S20 (Nocardioidaceae), S13 and S19 (Staphylococcaceae) and S16 and S23 
(Pseudomonadaceae), mapping was done at a 99% identity because of the high similarity 
between the isolate sequences. 89% of all sequences were successfully mapped to one of the 
reference sequences and we summed all sequences for each of the 24 species per sample. We 
removed samples that contained less than 1000 sequences from the dataset. Relative 
abundance of each species in each sample was calculated, followed by normalization with 
the 16S-copy number from the nearest neighbour sequence in the database by Větrovský and 
Baldrian (2013). 
 
Most communities differed in species composition and species number from the original 
species design. Even the 24 communities that were frozen immediately after construction by 
pipetting robot showed a different composition. Species S17 was not detected at all in the 
entire sequencing dataset. These differences might result from sequencing bias and/or cross-
contamination. While this clearly is undesired ‘noise’ in our dataset, the majority of the 
communities consisted of the intended species, so we kept all retrieved sequences in the 
analysis and analysed the relative abundances of the species in relation to the treatments and 
the species groups.  
 
Statistical analysis 
All statistical analyses were performed in R version 3.4.0 with R Studio (R Core Team 2016). 
A linear mixed effect model testing the effects of the 3 different predators on species 
abundance with nutrient concentration and community as random factors indicated no 
difference between the different predators except for species S18, for which the effects of 
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two of the three predators on abundance different significantly (t ratio: -3.3, p=0.01). Given 
the similar response of all but one of the bacterial species, we averaged the relative abundance 
over the 3 different predators, resulting in one predation treatment. 
We analysed whether relative abundance in the constructed communities was dependent on 
nutrient concentration, predation and species group (RarSlo, AbunSlo, RarFas and AbunFas 
respectively) by fitting a linear mixed model from the lme4-package with species as the 
random factor and obtaining the minimal model using the step() function from the lmerTest 
package (Bates et al. 2015). The same model was fitted for each species separately to test 
how many species in each group followed the main group effect. Moreover, the differences 
between the groups in relative abundance change with nutrient gradient were assessed by 
fitting linear mixed effect models for each group pair with predation and species as a random 
factor. We performed a similar test for differences in the slope between control and predator 
treatment between the groups with nutrient level and species as random factors to assess the 
predator effect only.  
 
For each species, we tested the relationship between relative abundance and abundance 
change in the presence of predation with a Spearman correlation between relative abundance 
in the control (i.e. competitiveness) and change in relative abundance with predation (i.e. 
predation resistance). To test whether there is a relationship between competitiveness and 
predation resistance independent of species abundance a linear mixed model was fitted for 
relative abundance in the control dependent on change with predation, species group and 
nutrient concentration with community nested in nutrient concentration as a random factor. 
However, the random effects were not significant. Therefore, we fitted simple linear models 
for each pair of species group. In addition, a separate model was fitted to test for the effect 
of nutrients with nutrient concentration included as a fixed factor. Furthermore we fitted the 
same model for each species group and each group pair separately to determine changes 
within and between groups with nutrient level.  
 
Results 
All groups (RarSlo, AbunSlo, RarFas and AbunFas) were affected significantly by the 
treatments (Table S4). Only for one group of species there was a statistically significant 
interaction between the treatments, and hence the main effects are shown first, followed by 
the interaction effects (Fig. S1).  
On average bacteria belonging to the RarSlo, AbunSlo and AbunFas group had low relative 
abundances of 4%, 2% and 3% respectively, whereas the group of RarFas bacteria dominated 
the communities with a relative abundance of 10%. Only the RarFas group was significantly 
more abundant than the AbunSlo group (t=-2.419, p=0.03) 
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Effect of nutrients 
Fast growing species increased significantly in abundance with increase in nutrient 
concentration (t=3.421, p<0.01), whereas slow growing species did not respond significantly 
to nutrient concentration (t=1.621, p=0.12; Fig. S2). However, potential species growth rate 
interacted significantly with species abundance resulting in differences between the four 
species groups. Increase of nutrient concentration significantly enhanced average relative 
abundance of the RarFas group (t=3.2869, p<0.01), while it significantly decreased the 
relative abundance of the AbunFas and AbunSlo groups (AbunFas: t=-2.71001, p<0.01, 
AbunSlo: t=-4.3804, p<0.02). There was no change for the RarSlo group (t=-1.21065, p=0.23; 
Fig. 1). Consequentially, the effects of an increase in nutrient concentration was significantly 
more positive for the RarFas group than for the other groups (Table S5).  
 
 
Fig. 1: Average relative abundance of the four bacterial species groups at the different 
nutrient concentrations; relative abundances are averaged over predation treatments and 
communities; significant changes in abundance with nutrient concentration are indicated with 
a coloured line for the relevant species groups and an * 
 
Effects of predation 
Rare species decreased with the addition of predators, but the overall effect of predation on 
rare species was not significant (Fig. S3).  
However, predation differentially affected the four species groups. The RarFas group 
significantly declined with predation (t=-2.8867, p<0.01) and this decline was significantly 
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stronger than for all other groups (Fig. 2). The RarSlo group significantly increased in 
abundance with predation (t=3.91036, p<0.01), whereas there was not more than a trend for 
the AbunSlo group (t=1.9802, p=0.05). The RarSlo group showed a significantly stronger 
increase than the AbunFas group and a tendency for a stronger increase than the AbunSlo 
group (Table S5). 
 
Relationship between competitive success and predation resistance 
Most species showed a negative relationship between relative abundance in the control and 
loss by predation (Fig. S4, Table S6). However, species groups differed with respect to the 
magnitude of this response. No significant effect of community was detected when testing 
for frequency dependent predation effects making purely frequency dependent predation 
unlikely. 
Averaged over all nutrient levels RarFas and RarSlo species showed a significantly negative 
relationship (RarFas: t=-12.01,420, p<0.01, RarSlo: t=-7.01,509, p<0.01), whereas it was 
significantly positive for AbunSlo (t=4.61,367, p<0.01) species and there was no significant 
relationship for the AbunFas group (t=-1.21,479, p=0.21; Fig. 3). The relationship between 
abundance in the control and reduction by predation differed significantly between all species 
groups except for AbunFas and RarSlo (Table S7, S8).  
 
Fig. 2: Average difference in relative abundance of the four bacterial species groups between 
the predation-free control and the predation treatment; relative abundances are averaged over 
nutrient concentrations and communities; error bars represent the standard error; significant 
changes in relative abundance by predation are indicated by *. 
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Fig. 3: Relationship between the relative abundance in the predator free control (X-axis) and 
the reduction of relative abundance with the addition of predators (Y axis) for bacterial 
species belonging to the four different bacterial species groups. This relationship can be used 
as an indication of a trade-off between competitiveness and resistance to predation; shown is 
a linear model fit with standard error.    
 
Effect of nutrient concentration on predation 
Nutrient concentration and predation did not interactively influence the abundance of species 
that were rare or abundant in the field (F3,3732=0.1, p=0.95, Fig. S5).  
However, the RarSlo group showed a significant interaction between the effects of nutrient 
concentration and predation treatment. Its relative abundance was significantly increased 
with predators at the highest nutrient concentration compared to the other three nutrient 
concentrations (Fig. 4, Table S9).  
 
High coefficients of variation indicate variability within the four groups in their response to 
the different treatments (CV, RarSlo: 1.5, AbunSlo: 2.0, RarFas: 1.2, AbunFas: 1.5; for single 
species responses and statistics see Supplementary Methods; Table S10, Fig. S6). However, 
the differences between groups were still significant. 
 
Effect of nutrients on the relationship between competitive success and predation resistance 
Nutrient concentration had a significant effect on the relationship between relative abundance 
in the control and loss from predation for the groups RarSlo, AbunSlo and AbunFas. For 
RarSlo and AbunSlo the relationship became more negative with increase in nutrient 
concentration, whereas it became more positive for the AbunFas group at a concentration of 
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0.01 (Figure 5, Table S9). Consequentially, the difference between the RarSlo and AbunFas 
group was most pronounced at a nutrient concentration of 0.01. Also the difference between 
the AbunSlo and AbunFas species was only significant at high nutrient levels (Table S11). 
 
 
 
Fig. 4: Average difference in relative abundance between the control and the predation 
treatment of the four bacterial species groups at the different nutrient concentrations; results 
are averaged over communities; error bars represent the standard error; significant changes 
in relative abundance by predation are indicated by *. 
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Figure 5: Relationship between the relative abundance in the predator free control and the 
reduction of relative abundance with the addition of predators at four different nutrient 
concentrations (indicated by different line types) and for the four species groups in the four 
panels as indication of a trade-off between competitiveness and resistance to predation; 
shown is a linear model fit with standard error.  R2 values are given for each species group.  
 
Discussion 
We hypothesized that competitive success depends on potential species growth rates and 
nutrient availability. In accordance with our first hypothesis abundant slow growing bacteria 
(AbunSlo) decreased in abundance. However, this effect was not seen for rare slow growing 
bacteria (RareSlo). Our results are consistent with the theory of a trade-off between the ability 
for fast growth at high nutrient concentrations (i.e. copiotrophy) and the ability to grow at 
low nutrient concentrations (i.e. oligotrophy) (Fierer et al. 2007). This proposed trade-off has 
been suggested to be the cause of observed  shifts in competitive ability of oligotrophic 
bacteria with nutrient availability in former studies (Gottschal 1985). In contrast to our 
hypothesis that abundance in the community depends on species growth rate and nutrient 
availability, however, the abundance of slow growing species did not exceed that of fast 
growing species at low nutrient levels. Although we used diluted media, soil might contain 
even more nutrient-poor patches due to extreme nutrient-heterogeneity (Paul 2014). In 
addition, carbon-compounds in soil are often more complex than glucose (Schmidt et al. 
2011), which was the main carbon source in our study. Thus the concentration of readily 
available substrates in soil might at some sites be lower than in the used media. This could 
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mean that the nutrient concentrations were not low enough to give slow growing species the 
advantage. 
 
As was expected in our first hypothesis, several species that were previously characterized 
as fast growing increased in abundance with nutrient concentrations. However, most species 
that were characterized as abundant in the field and fast growing in vitro declined in 
abundance with increasing nutrient concentration similar to the slow growing species. This 
is in contrast to studies showing a positive relationship between growth rate and competitive 
ability in nutrient-rich environments (Gottschal 1985, Fierer et al. 2007). Since the abundant 
species have previously shown the ability for rapid growth under high nutrient concentrations 
(Kurm et al. 2017), our finding suggests that these bacteria are inferior competitors in spite 
of their fast growth. A possible explanation might be that bacteria do not only compete by 
rapid growth and nutrient uptake (i.e. exploitative competition), but also through other 
mechanisms, such as the production of antimicrobial compounds (i.e. interference 
competition) (Hibbing et al. 2010). Especially bacteria of the genus Pseudomonas often show 
the capability for producing several inhibiting compounds (Haas and Defago 2005). 
However, secondary metabolite production can vary substantially between different species 
and strains (Gross and Loper 2009) and there are no reports on the production of antibacterial 
substances by the other dominant species in this study.  
 
In our results on the outcome of competition between fast and slow growing and rare and 
abundant bacterial species it was especially surprising that bacterial strains belonging to the 
RarFas group dominated the communities, in spite of being low abundant in the field. 
Although fast growth rates and high activity in itself have frequently been reported for rare 
bacteria in vitro (Kurm et al. 2017), as well as in the natural environment (Campbell et al. 
2011, Baldrian et al. 2012), we expected them to become low abundant in the constructed 
communities, especially in comparison to the AbunFas group, as a result of competition. 
However, our results suggest that other factors might contribute to species rarity. For 
example, for macroorganisms disturbances and herbivory or predation were suggested to 
drive species abundances in the field (Rabinowitz et al. 1984). 
 
In addition, we tested the hypothesis that bacteria that are rare in the field would be less 
resistant to protist predation in the constructed communities. While overall the most 
dominant taxa were reduced, this effect was most pronounced for the RarFas group. 
Although this did not change the rank order of the four species groups, a higher predator 
density than used in the present study might lead to a low abundance of these species. In soil, 
predation pressure on bacteria is likely to be stronger since this environment is known to 
harbour a huge taxonomic and functional diversity of protist predators and nematodes 
(Ekelund and Rønn 1994). Protist species are known to differ in their feeding specificity 
(Schulz-Bohm et al. 2016) and it has been shown that a higher predator diversity reduces the 
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strength of competition and increases bacterial diversity (Saleem et al. 2012). Moreover, we 
found a negative correlation between abundance in the absence of predation and abundance 
reduction in the presence of predators for both rare species groups, but not for the abundant 
groups. This correlation suggests a trade-off between competitiveness and predation 
resistance for these groups. Such a trade-off has been observed before for both micro- and 
macroorganisms (Bohannan et al. 2002, Hanley and Sykes 2009, Våge et al. 2014). The 
results from the present study add evidence for such a trade-off for soil bacteria and indicate 
that it does not affect all species equally, potentially leading to rarity or dominance in the 
environment.  
 
Our results are partly supporting our third hypothesis that predation would have a stronger 
negative effect on rare species and that there would be a more negative relationship between 
competitiveness and predation resistance at high nutrient concentrations. Both groups of slow 
growing species showed indications of a stronger trade-off between competitiveness and 
predation resistance at higher nutrient levels. This is in accordance with studies finding 
predation to be more important than competition at nutrient-rich conditions compared to 
nutrient-poor conditions (Bohannan and Lenski 2000b, Corno and Jürgens 2008). In contrast 
to our hypothesis, the AbunFas group was only weakly affected by predation at all nutrient 
concentrations. Toxin and volatile production by species belonging to the genera 
Pseudomonas, Paenibacillus and Bacillus might have enhanced their resistance to predation 
(Jousset et al. 2009, Schulz-Bohm et al. 2016). However, these interactions are highly 
species- and compound-specific (Schulz-Bohm et al. 2016) and are therefore beyond the 
scope of this study. Also for the RarFas group there was no change in predation effect over 
all nutrient levels indicating that the consistent negative relationship between 
competitiveness and predation resistance was unaffected by nutrient availability.  
 
Some bacterial species clearly deviated from the main group response to the treatments 
resulting in a high variation. On the one hand, this shows that species were differentially 
affected by the treatments. On the other hand, the variation indicates that other factors might 
influence their abundance in the field, which we did not include in our experimental set-up, 
as for instance abiotic factors such as pH and moisture (Fierer and Jackson 2006, Bell et al. 
2009). Although the species richness used here is large compared to most microbial 
competition studies (Bohannan and Lenski 2000b, Jiang and Adams Krumins 2006), our 
experimental communities were much less diverse than natural bacterial communities with 
respect to both prey and predators. Another difference between the experimental system and 
the soil environment is a reduced heterogeneity, both structural and with respect to resource 
availability. Heterogeneity is supposed to enable the coexistence of a high number of species, 
which differ in their niche requirements (Torsvik et al. 1996, Zhou et al. 2002). Batch 
cultures, as used in this experiment are rather homogeneous and the growth medium 
contained a single main carbon source. Nevertheless, our experimental set-up provides first 
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insights about the potential impact of competition, predation and species traits on relative 
abundance. In addition, our constructed communities contained unequal numbers of species 
due to cross-contamination. Nevertheless, all isolates were characterized as rare or abundant 
and fast or slow growing respectively, which allowed us to relate these traits to the 
performance of the species in the constructed communities. 
 
We conclude that the in vitro growth rate of bacterial species is not a good predictor of their 
competitive ability. Neither could we find evidence that growth rate or competitive ability 
might explain bacterial abundance in the field soil. However, we show that competitiveness 
may be negatively related to predation resistance in soil bacteria. Moreover, we show that 
this relationship is on average stronger for rare species than for abundant species. This inverse 
relationship suggests a trade-off, which might explain species rarity under natural conditions. 
Future work should test if the correlation we observed is based on a mechanistic trade-off in 
resource investment.  
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Supplementary Information 
This supplementary includes methods detailing cultivation of the microbial organisms used 
in this study and results of an analysis after omitting a part of the dataset. Tables give details 
on the microbial isolates and the construction of communities as well as statistical results. 
Figures illustrate results from the main text.   
Supplementary methods 
Cultivation of bacterial isolates 
We chose 24 bacterial species from a collection of species isolated from a soil of a long-term 
biodiversity experiment on ex-arable land near Ede (Gelderland, The Netherlands) (for 
details on the isolation procedure see Kurm et al. (2017)). In brief, we used both flow cell 
sorting and a streak plating method in combination with a range of different oligotrophic 
growth media for bacterial cultivation. In the flow cell sorting approach, individual bacterial 
cells with a size of ~0.5 μm were sorted from a soil sample into single wells of 96-well plates 
containing 6 different media (tryptone soil agar at a 1/10 and 1/100 dilution, water yeast agar, 
dilute nutrient broth agar and soil agar with and without the addition of nutrients). For the 
streak plating approach 200 μl of a 10-7 diluted soil solution were spread over petri-dishes 
containing two different media (soil extract medium with salts and VL55 medium + xylan). 
All plates were checked for visible bacterial growth every other day. The partial 16S rRNA 
genes of the isolated bacterial species were sequenced by Sanger sequencing to determine 
taxonomic placements of the bacterial strains. For determination of their abundance in field 
soil the sequences were compared to a 454-sequencing database of the v4-region of a 
microbial community from the same soil and matched to the closest related OTU. The relative 
abundance of sequences clustered into the respective OTU were subsequently taken as the 
relative abundance of the species in soil. We measured growth rate of the isolated species in 
tryptone soy broth (TSB;  3 g.l-1 tryptone soy broth; Table S1) (Kurm et al. 2017).  
 
Prior to community construction all bacterial species were pre-cultured separately for 5 days 
in liquid TSB at 25°C and 180 rpm agitation on a flatbed shaker. One day prior to the set-up 
we washed the cultures 3x in sterile MgSO4 buffer (2.46 g.l-1 MgSO4). Cell densities were 
determined by staining subsamples of each bacterial solution with SYBR green at a final 
concentration of 1:10 000 (Sigma-Aldrich, St. Louis, Missouri, USA) for minimally 15 min 
counting by flow cytometry in an Accuri C6 Sampler (BD Biosciences, Franklin Lakes, New 
Jersey, USA). We adjusted the separate solutions to an equal density of 6x105 cells.ml-1 in 
MgSO4-buffer and stored them at 4°C for maximally 24 h until community construction. 
 
Protist cultivation 
We prepared precultures in WG-medium (Geisen et al. 2014) with E. coli as a food source. 
Two days prior to community construction, we treated the cultures with three different 
antibiotic solutions to supress growth of E. coli using 25 μl 100 mg.ml-1 ampicillin, 10 μl 20 
100 
 
mg.ml-1 rifampicin and 5 μl 50 mg.ml-1 kanamycin per 500 μl of protist culture. One day 
prior to community construction, we washed protist cultures 3x in sterile MgSO4 buffer, 
counted them microscopically and adjusted them to a density of 50000 cells.ml-1. 
Subsequently, we stored the protist cultures at 4°C for maximally 24 h until community 
construction. 
 
Supplementary results 
Relationship between competitive success and predation resistance 
To explore whether he results for the RarSlo group were mainly driven by the strongly 
responding species S4 we conducted an additional analysis after omitting S4 from the dataset. 
Here the RarSlo group still differed significantly from both the AbunSlo and AbunFas group, 
but no longer from the RarFas group (Fig. S7, Table S12). 
 
Effect of nutrients on the relationship between competitive success and predation resistance 
When omitting S4 from the dataset the relationship between relative abundance in the control 
and reduction in the predation treatment did not change anymore with nutrient level for the 
RarSlo group (Fig. S8, Table S13). 
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Table S1: Description of the bacterial isolates used in this study; relative abundance in soil 
and growth rate as determined in Kurm et al. (2017). 
 
 
 
Table S2: Composition of the 24 artificial communities. 0 designates absence and 1 
designates presence of a species in the respective community.  Different colours indicate the 
four different species groups (Rare/Slow, Abundant/Slow, Rare/Fast, and Abundant/Fast). 
Species Family Relative 
abundance 
in soil % 
Growth rate 
TSB (h-1) 
Abundance 
group 
Growth 
group 
S1 Methylobacteriaceae 0.000272 0.0069 rare slow 
S2 Carnobacteriaceae 0.000470 0.0344 rare slow 
S3 Sphingomonadaceae 0.000000 0.0371 rare slow 
S4 Comamonadaceae 0.000000 0.0383 rare slow 
S5 Phyllobacteriaceae 0.000000 0.0306 rare slow 
S6 Microbacteriaceae 0.000000 0.0834 rare slow 
S7 Caulobacteraceae 0.089863 0.0102 abundant slow 
S8 Kineosporiaceae 0.109113 0.0856 abundant slow 
S9 Nocardioidaceae 0.001160 0.0592 abundant slow 
S10 Xanthobacteraceae 0.001970 0.0106 abundant slow 
S11 Bradyrhizobiaceae 0.019739 0.0273 abundant slow 
S12 Phyllobacteriaceae 0.012511 0.0628 abundant slow 
S13 Staphylococcaceae 0.000272 0.2120 rare fast 
S14 Oxalobacteraceae 0.000000 0.1778 rare fast 
S15 Enterobacteriaceae 0.000340 0.1577 rare fast 
S16 Pseudomonadaceae 0.000000 0.1625 rare fast 
S17 Propionibacteriaceae 0.000000 0.1245 rare fast 
S18 Xanthomonadaceae 0.000000 0.1253 rare fast 
S19 Staphylococcaceae 0.004340 0.1834 abundant fast 
S20 Nocardioidaceae 0.002830 0.1614 abundant fast 
S21 Bacillaceae 0.011025 0.1438 abundant fast 
S22 Intrasporangiaceae 0.069526 0.1277 abundant fast 
S23 Pseudomonadaceae 0.087731 0.1860 abundant fast 
S24 Paenibacillaceae 0.015587 0.1144 abundant fast 
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Table S3: Custom primers used for 16S-rRNA library generation; the 12-bp barcode is 
marked in bold letters. 
 
Primer Sequence (5’-3’) 
515f AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCCAGCM
GCCGCGGTAA 
806r CAAGCAGAAGACGGCATACGAGATTCCCTTGTCTCCAGTCAGTCAGCCGG
ACTACHVGGGTWTCTAAT 
 
Table S4: statistical results from linear mixed model with relative abundance as the 
dependent variable. 
 
Table S5: statistical results from linear-mixed effect models for the change in relative 
abundance with nutrient concentration and predation for species group pairs (for the effect of 
predation on the group pair AbunFas:AbunSlo a Χ2-test was conducted). 
 
 Effect of nutrient 
concentration 
Effect of predation 
 
Groups F p F p 
AbunFas:AbunSlo 1.01,1806 0.32  0.37 
AbunFas:RarFas 17.21,1870 <0.01* 9.81,1871 <0.01* 
AbunFas:RarSlo 0.71,2066 0.41 6.51,2064 0.01* 
AbunSlo:RarSlo 2.91,1870 0.09 3.01,1868 0.08 
AbunSlo:RarFas 18.71,1675 <0.01* 10.91,1675 <0.01* 
RarFas:RarSlo 13.41,1936 <0.01* 20.51,1933 <0.01* 
 
 
 
Factor F p 
Nutrients 0.013,3718 1.0 
Predator 0.11,3718 0.75 
Species group 2.13,19 0.13 
Nutrient:Species group 7.99,3718 <0.01* 
Predator:Species group 11.33.3718 <0.01* 
Predator:Nutrient 0.023,3718 1.0 
Predator:Nutrient:Species group 2.09,3718 0.04* 
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Table S6: statistical results of Spearman correlations between relative abundance in the 
control and relative abundance reduction in the predation treatment for each species; 
significant p-values are marked in bold (n=45-93). 
Species S rho p 
S1 23116 0.21 0.12 
S2 222682 -0.66 0.00 
S3 196490 -0.51 0.00 
S4 180480 -0.35 0.00 
S5 86451 0.12 0.26 
S6 187652 -0.40 0.00 
S7 28073 -0.73 0.00 
S8 28811 -0.67 0.00 
S9 19803 -0.30 0.04 
S10 138197 -0.82 0.00 
S11 60856 -0.61 0.00 
S12 94656 0.29 0.00 
S13 170376 -0.31 0.00 
S14 33569 -0.52 0.00 
S15 222778 -0.66 0.00 
S16 149394 -0.11 0.27 
S18 193488 -0.44 0.00 
S19 65739 -0.44 0.00 
S20 145412 -0.33 0.00 
S21 41974 -0.51 0.00 
S22 147850 -0.22 0.04 
S23 166182 -0.24 0.02 
S24 184830 -0.47 0.00 
 
Table 7: Statistical results of a linear model and Anova testing differences in the relationship 
between relative abundance in the control and reduction in relative abundance by predation. 
 
Factor F p 
Reduction 235.01 <0.01* 
Species group 72.33 <0.01* 
Reduction:Species group 62.83 <0.01* 
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Table 8: statistical results of pairwise linear models testing differences in the relationship 
between relative abundance in the control and reduction in relative abundance by predation 
between the four species groups. 
 
 
Groups t p 
AbunFas:AbunSlo 3.73,846 <0.01* 
AbunFas:RarFas -4.33,899 <0.01* 
AbunFas:RarSlo -0.53,988 0.64 
AbunSlo:RarSlo -6.53,876 <0.01* 
AbunSlo:RarFas 7.23,787 <0.01 
RarFas:RarSlo 9.83,929 <0.01* 
 
 
 
Table 9: Statistical results of pairwise contrasts from a linear model testing differences in the 
relationship between relative abundance in the control and reduction in relative abundance 
by predation for different nutrient concentrations within each species group. 
 
Nutrient 
concentratio
n 
0.0001- 
0.001 
0.0001- 
0.01 
0.0001- 
0.1 
0.001- 
0.01 
0.001- 
0.1 
0.01- 
0.1 
Group t p t- p t p t p t p t p 
RarSlo -
2.150
3 
0.16 0.050
3 
1 -
4.350
3 
<0.0
1* 
2.350
3 
0.11 -
0.250
3 
1 -
5.850
3 
<0.0
1* 
RarFas 1.041
4 
0.77 -
1.141
4 
0.66 -
0.941
4 
0.83 -
1.741
4 
0.31 -
1.541
4 
0.31 0.641
4 
0.93 
AbunSlo -
3.536
1 
<0.0
1* 
2.436
1 
0.08 3.636
1 
<0.0
1* 
7.836
1 
<0.0
1* 
7.336
1 
<0.0
1* 
2.236
1 
0.14 
AbunFas -
0.747
3 
0.91 -
3.747
3 
<0.0
1* 
-
0.847
3 
0.85 -
2.947
3 
0.02
* 
-
0.247
3 
0.99 2.547
3 
0.11 
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Table S10: Statistical results of a linear mixed effect model testing the effect of predation 
and nutrient concentration on relative abundance for each species; significant p-values are 
marked in bold. 
Spec
ies 
Treatment D
f 
Sum.
Sq 
Mean
.Sq 
F.val
ue 
upper.d
en.df 
upper.
p.val 
lower.de
n.df 
lower.p
.val 
expl.
dev. 
S1 Predator 1 0.000
0 
0.000
0 
0.3 134 0.57 110 0.57 0.17 
S1 Nutrient 1 0.000
1 
0.000
1 
30.2 134 0.00 110 0.00 15.98 
S1 Predator:N
utrient 
1 0.000
0 
0.000
0 
0.1 134 0.81 110 0.81 0.03 
S2 Predator 1 0.011
0 
0.011
0 
4.6 185 0.03 161 0.03 1.33 
S2 Nutrient 1 0.053
1 
0.053
1 
22.1 185 0.00 161 0.00 6.41 
S2 Predator:N
utrient 
1 0.000
4 
0.000
4 
0.2 185 0.68 161 0.68 0.05 
S3 Predator 1 0.001
4 
0.001
4 
0.8 184 0.37 160 0.37 0.25 
S3 Nutrient 1 0.000
3 
0.000
3 
0.2 184 0.67 160 0.67 0.06 
S3 Predator:N
utrient 
1 0.004
5 
0.004
5 
2.5 184 0.11 160 0.11 0.79 
S4 Predator 1 0.630
2 
0.630
2 
154.
3 
185 0.00 161 0.00 27.01 
S4 Nutrient 1 0.173
1 
0.173
1 
42.4 185 0.00 161 0.00 7.42 
S4 Predator:N
utrient 
1 0.477
9 
0.477
9 
117.
0 
185 0.00 161 0.00 20.49 
S5 Predator 1 0.000
0 
0.000
0 
0.8 176 0.37 152 0.37 0.25 
S5 Nutrient 1 0.001
3 
0.001
3 
36.7 176 0.00 152 0.00 11.28 
S5 Predator:N
utrient 
1 0.000
0 
0.000
0 
0.1 176 0.80 152 0.80 0.02 
S6 Predator 1 0.006
0 
0.006
0 
5.6 185 0.02 161 0.02 1.44 
S6 Nutrient 1 0.037
6 
0.037
6 
35.0 185 0.00 161 0.00 9.02 
S6 Predator:N
utrient 
1 0.001
1 
0.001
1 
1.0 185 0.32 161 0.32 0.26 
S7 Predator 1 0.000
0 
0.000
0 
0.0 100 1.00 80 1.00 0.00 
S7 Nutrient 1 0.000
0 
0.000
0 
2.2 100 0.14 80 0.14 0.22 
S7 Predator:N
utrient 
1 0.000
0 
0.000
0 
0.4 100 0.55 80 0.55 0.03 
S8 Predator 1 0.000
0 
0.000
0 
2.7 101 0.10 81 0.11 1.71 
S8 Nutrient 1 0.000
0 
0.000
0 
25.4 101 0.00 81 0.00 16.25 
S8 Predator:N
utrient 
1 0.000
0 
0.000
0 
1.1 101 0.29 81 0.29 0.73 
S9 Predator 1 0.000
0 
0.000
0 
0.3 100 0.57 79 0.57 0.27 
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S9 Nutrient 1 0.000
1 
0.000
1 
18.4 100 0.00 79 0.00 15.45 
S9 Predator:N
utrient 
1 0.000
0 
0.000
0 
0.4 100 0.52 79 0.52 0.36 
S10 Predator 1 0.000
1 
0.000
1 
16.1 161 0.00 137 0.00 7.99 
S10 Nutrient 1 0.000
1 
0.000
1 
13.1 161 0.00 137 0.00 6.50 
S10 Predator:N
utrient 
1 0.000
0 
0.000
0 
5.9 161 0.02 137 0.02 2.95 
S11 Predator 1 0.000
0 
0.000
0 
0.8 141 0.37 117 0.37 0.48 
S11 Nutrient 1 0.000
0 
0.000
0 
8.4 141 0.00 117 0.00 5.03 
S11 Predator:N
utrient 
1 0.000
0 
0.000
0 
1.8 141 0.19 117 0.19 1.05 
S12 Predator 1 0.035
3 
0.035
3 
12.2 185 0.00 161 0.00 2.19 
S12 Nutrient 1 0.251
6 
0.251
6 
87.0 185 0.00 161 0.00 15.62 
S12 Predator:N
utrient 
1 0.009
6 
0.009
6 
3.3 185 0.07 161 0.07 0.60 
S13 Predator 1 0.000
0 
0.000
0 
0.0 184 0.89 160 0.89 0.01 
S13 Nutrient 1 0.040
1 
0.040
1 
16.4 184 0.00 160 0.00 6.30 
S13 Predator:N
utrient 
1 0.003
3 
0.003
3 
1.3 184 0.25 160 0.25 0.51 
S14 Predator 1 0.000
0 
0.000
0 
0.0 117 0.88 95 0.89 0.02 
S14 Nutrient 1 0.000
0 
0.000
0 
18.6 117 0.00 95 0.00 13.65 
S14 Predator:N
utrient 
1 0.000
0 
0.000
0 
0.1 117 0.81 95 0.81 0.04 
S15 Predator 1 0.042
8 
0.042
8 
24.0 185 0.00 161 0.00 4.94 
S15 Nutrient 1 0.026
2 
0.026
2 
14.7 185 0.00 161 0.00 3.03 
S15 Predator:N
utrient 
1 0.007
0 
0.007
0 
3.9 185 0.05 161 0.05 0.81 
S16 Predator 1 0.000
1 
0.000
1 
0.0 185 0.91 161 0.91 0.00 
S16 Nutrient 1 2.076
8 
2.076
8 
360.
0 
185 0.00 161 0.00 44.80 
S16 Predator:N
utrient 
1 0.000
3 
0.000
3 
0.1 185 0.81 161 0.81 0.01 
S18 Predator 1 0.374
8 
0.374
8 
40.2 185 0.00 161 0.00 4.11 
S18 Nutrient 1 0.066
4 
0.066
4 
7.1 185 0.01 161 0.01 0.73 
S18 Predator:N
utrient 
1 0.110
3 
0.110
3 
11.8 185 0.00 161 0.00 1.21 
S19 Predator 1 0.000
0 
0.000
0 
3.0 144 0.09 120 0.09 1.40 
S19 Nutrient 1 0.000
0 
0.000
0 
22.2 144 0.00 120 0.00 10.31 
S19 Predator:N
utrient 
1 0.000
0 
0.000
0 
1.6 144 0.21 120 0.21 0.73 
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S20 Predator 1 0.000
0 
0.000
0 
0.8 178 0.36 154 0.36 0.20 
S20 Nutrient 1 0.002
1 
0.002
1 
56.9 178 0.00 154 0.00 13.52 
S20 Predator:N
utrient 
1 0.000
0 
0.000
0 
0.2 178 0.66 154 0.66 0.05 
S21 Predator 1 0.000
0 
0.000
0 
2.4 112 0.13 93 0.13 2.06 
S21 Nutrient 1 0.000
0 
0.000
0 
0.6 112 0.43 93 0.43 0.55 
S21 Predator:N
utrient 
1 0.000
0 
0.000
0 
0.4 112 0.55 93 0.55 0.32 
S22 Predator 1 0.001
0 
0.001
0 
0.3 182 0.57 158 0.57 0.09 
S22 Nutrient 1 0.127
5 
0.127
5 
41.5 182 0.00 158 0.00 11.37 
S22 Predator:N
utrient 
1 0.000
6 
0.000
6 
0.2 182 0.65 158 0.65 0.06 
S23 Predator 1 0.001
6 
0.001
6 
0.4 185 0.53 161 0.53 0.10 
S23 Nutrient 1 0.007
6 
0.007
6 
1.9 185 0.17 161 0.17 0.49 
S23 Predator:N
utrient 
1 0.000
3 
0.000
3 
0.1 185 0.79 161 0.79 0.02 
S24 Predator 1 0.000
1 
0.000
1 
0.2 183 0.64 159 0.64 0.09 
S24 Nutrient 1 0.003
7 
0.003
7 
9.0 183 0.00 159 0.00 3.95 
S24 Predator:N
utrient 
1 0.000
0 
0.000
0 
0.1 183 0.82 159 0.82 0.02 
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Table S11: Statistical results of pairwise non-parametric linear mixed models testing 
differences in the relationship between relative abundance in the control and reduction in 
relative abundance by predation for different nutrient concentrations between the groups with 
0.0001 as the reference nutrient concentration. 
 
 0.0001-0.001 0.0001-0.01 0.0001-0.1 
Groups t p t p t p 
AbunFas:AbunSlo 1.6 0.11 -4.2 <0.01* -2.8 <0.01* 
AbunFas:RarFas -1,0 0.32 -1.4 0.16 -0.2 0.86 
AbunFas:RarSlo 0.4 0.57 -3.6 <0.01* 0.4 0.67 
AbunSlo:RarSlo -1.4 0.16 2.1 0.04* 4.6 <0.01* 
AbunSlo:RarFas -1.9 0.06 1.5 0.13 1.7 0.08 
RarFas:RarSlo 1.6 0.11 -1.1 0.29 1.0 0.33 
 
Table S12: statistical results of pairwise linear models testing differences in the relationship 
between relative abundance in the control and reduction in relative abundance by predation 
between groups over all nutrient levels; data analysis after exclusion of species S4, therefore 
only group RarSlo is shown; for all results see Table 4. 
 
Group t p 
RarSlo:AbunFas -5.9 <0.01* 
RarSlo:AbunSlo -12.8 <0.01* 
RarSlo:RarFas 0.9 0.35 
RarSlo -15.7 <0.01* 
 
Table S13: Statistical results of pairwise linear models resting differences in the relationship 
between relative abundance in the control and reduction in relative abundance by predation 
for different nutrient concentrations between the groups with 0.0001 as the reference nutrient 
concentration; data analysis after exclusion of species S4 
 
 0.0001-0.001 0.0001-0.01 0.0001-0.01 
Groups t p t p t p 
RarSlo:AbunFas 1.5 0.13 4.0 <0.01* 0.7 0.49 
RarSlo:AbunSlo 3.8 <0.01* -1.6 0.11 -3.5 <0.01* 
RarSlo:RarFas 0.1 0.95 1.2 0.24 0.4 0.72 
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Fig. S1: Average relative abundance of the four bacterial species groups at the different 
nutrient concentrations in the predator free control and the predation treatment; different 
letters indicate significant differences between nutrient concentrations within one species 
group; significant differences are marked with *.  
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Figure S2: Average relative abundance of bacterial species with potential fast and slow 
growth rates at the four different nutrient concentrations; relative abundances are averaged 
over predation treatment, community and abundance groups; significant changes in 
abundance with nutrient concentration are indicated with *. 
 
 
Fig. S3: Average difference in bacterial relative abundance between the control and the 
predation treatment concentrations for species that were characterized as abundant or rare in 
the field; results are averaged over nutrient concentration, community and potential growth 
rate; error bars represent the standard error.  
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Figure S4: Abundance loss by predation plotted against relative abundance in the control for 
each species; each dot represents one community at the 4 nutrient levels; different colours 
represent the four species groups; lines represent a linear model fit for each species. 
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Figure S5: Average difference in relative abundance between the control and the predation 
treatment at the four different nutrient concentrations for species that were characterized as 
abundant or rare in the field; results are averaged over community and potential growth 
rate; error bars represent the standard error.  
 
Figure S6: Average relative abundance of each species at the different nutrient concentrations 
and with and without predation; relative abundances were averaged over communities; error 
bars indicate the standard error; different colours indicate the four species groups. 
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Figure S7: Linear model fit with standard error of the relationship between relative 
abundance in the control and relative abundance reduction in the predation treatment after 
omitting species S4; different colours represent the four species groups. 
 
Figure S8: Linear model fit with standard error of the relationship between relative 
abundance in the control and relative abundance reduction in the predation treatment at the 
four different nutrient concentrations after omitting species S4; different colours represent 
the four species groups and different linetypes represent the different nutrient concentrations. 
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Abstract 
Plant growth-promoting rhizobacteria (PGPR) strains can influence plant-insect interactions. 
However, little is known about the effect of changes in the soil bacterial community in 
general and especially the loss of rare soil microbes on these interactions. Here, the influence 
of rare soil microbe-reduction on induced systemic resistance (ISR) in a wild ecotype of 
Arabidopsis thaliana against the aphid Myzus persicae was investigated. To create a gradient 
of microbial abundances, soil was inoculated with a serial dilution of a microbial community 
and responses of Arabidopsis plants that originated from the same site as the soil microbes 
were tested. Plant biomass, transcription of genes involved in plant defences, and insect 
performance were measured. In addition, the effects of the PGPR strain Pseudomonas 
fluorescens SS101 on plant and insect performance were tested under influence of the various 
soil dilution treatments. Plant biomass showed a hump-shaped relationship with soil 
microbial community dilution, independent of aphid or Pseudomonas treatments. Both aphid 
infestation and inoculation with Pseudomonas reduced plant biomass, and led to 
downregulation of PR1 (salicylic acid-responsive gene) and CYP79B3 (involved in synthesis 
of glucosinolates). Aphid performance and gene transcription were unaffected by soil 
dilution. Neither the loss of rare microbial species, as caused by soil dilution, nor 
Pseudomonas, affect the resistance of A. thaliana against M. persicae. However, both 
Pseudomonas survival and plant biomass respond to rare species loss. Thus, loss of rare soil 
microbial species can have a significant impact on both above- and belowground organisms. 
 
Introduction 
There is increasing awareness that some soil bacterial strains may have beneficial effects on 
plants (Compant et al. 2010). Most intensively studied and applied are the so-called plant 
growth-promoting rhizobacteria (PGPR). PGPR can directly promote plant growth, and also 
systemically enhance plant defences against above- and belowground pathogens and 
herbivores (Lugtenberg and Kamilova 2009, Pieterse et al. 2014). A widely known 
mechanism through which beneficial soil microorganisms can affect plant defence is 
designated induced systemic resistance (ISR) (Van der Ent et al. 2009). ISR is dependent on 
jasmonic acid (JA) and ethylene (ET), but can also be mediated via salicylic acid (SA) 
signalling and is triggered by interaction with non-pathogenic microbes. Colonization of 
plant roots by certain PGPR may prime plant defences, resulting in a faster and stronger 
defence response upon pathogen or insect attack (Van Wees et al. 2008). ISR is most effective 
against necrotrophic pathogens and insect herbivores (Pieterse and Dicke 2007). However, 
little is known about how the induction of resistance by single PGPR strains compares to 
effect of a natural soil microbial community on plant resistance. 
 
Many PGPR have been recognized to be able to induce systemic resistance in the plant. 
Especially fluorescent pseudomonads have a high effectiveness in the protection of plant 
health. Different bacterial species or strains have been found to induce resistance via different 
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pathways. Some interact with only particular plant hosts (Pieterse et al. 2002, Pieterse et al. 
2003). For example, Pseudomonas fluorescens WCS417 protects Arabidopsis thaliana 
against a variety of pathogens via priming of the jasmonic acid (JA)- signalling pathway, 
whereas P. fluorescens SS101 has been found to increase plant resistance by inducing SA-
dependent defences (Pieterse et al. 2002, Van de Mortel et al. 2012, Pangesti et al. 2017). 
Also other bacterial species, such as Bacillus amyloliquefaciens, Bacillus subtilis or Serratia 
marcescens, have shown protective ability (Mauch-Mani and Métraux 1998, Van Loon and 
Bakker 2006). In order to acquire effective induced resistance in plants, high densities of 105 
colony-forming units (CFU) per gram root of a previously cultured PGPR strain in soil are 
required (Raaijmakers et al. 1995). However, the bacterial numbers often rapidly decline 
once inoculated into soil, as a result of competition with the microbial community that 
already exists in the soil (Mallon et al. 2015, Adam et al. 2016).  Reduced species richness 
could be expected to reduce competition and lead to increased survival of PGPR. 
 
Besides well-studied PGPR strains, soil is also inhabited by numerous other bacteria and 
other microbial species carrying out many different functions (Bent and Forney 2008). 
Whereas soil bacterial diversity may relate positively to specific ecosystem functions 
(Griffiths et al. 2004, Cook et al. 2006), there is increasing evidence that the presence and 
absence of certain species, as well as their relative abundances, might be even more important 
than species diversity (Strickland et al. 2009). Especially low-abundant bacterial species, also 
termed the ‘rare biosphere’ (Sogin et al. 2006) can have a greater impact on certain ecosystem 
processes than predicted based on their abundance (Jousset et al. 2017). Rare taxa may 
contribute disproportionally to microbial community dynamics and activity (Jones and 
Lennon 2010, Shade et al. 2014, Wilhelm et al. 2014). Rare microbes that are specialized on 
recalcitrant substrates may play a crucial role in decomposition of soil organic matter. In 
addition, the presence of a high diversity of rare species may increase the community 
resistance to pathogen invasion, thereby enhancing soil disease suppressiveness (Van Elsas 
et al. 2012, Baumann et al. 2013). However, a high diversity might also reduce the survival 
of introduced beneficial microbes. Rare soil microbes have also been shown to influence 
plant defences (Hol et al. 2010). In that study, the loss of rare microbes from soil was 
correlated with a decrease in plant defensive compounds and an increase in aphid 
performance. However, the molecular mechanisms behind this decrease still remain 
unresolved.  
 
The effect of specific plant growth-promoting bacterial strains on ISR in plants has been 
intensively studied. In contrast, the effect of soil microbial community composition, 
especially the low-abundant members of the community, are poorly studied. Recent reports 
on the possible roles of the rare biosphere in ecosystem functioning raise questions about 
their contribution to plant defence induction relative to introduced PGPR (Van Elsas et al. 
2012, Delgado-Baquerizo et al. 2016). Therefore, the aim of the present study was to test 
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how (loss of) rare soil microbial species influences plant performance and induction of plant 
defences against aboveground insect herbivores. Furthermore, we investigated how loss of 
rare soil microbes affects defence induction by a known PGPR strain.  
 
Our first hypothesis was that plants growing in soils containing a complete assemblage of 
low-abundant microbes will be more resistant to insect herbivores than plants growing in 
soils that lack a large fraction of these low-abundant microbes, based on our previous 
research (Hol et al. 2010). We expected that this resistance would be based on induced 
systemic resistance, which is known to be effective against aphid herbivores (De Vos et al. 
2007). We also expected that soil with a full microbial community compared to soil with a 
community reduced in rare microbes would lead to: (1) a less negative effect of aboveground 
aphids on biomass of Arabidopsis thaliana, (2) priming of enhanced expression of defence-
marker genes in A. thaliana via the ISR pathway and consequently a higher expression of 
JA- and ET-dependent genes in the presence of herbivores, and (3) decreased insect 
fecundity. Our second hypothesis was that the addition of the PGPR strain Pseudomonas 
fluorescens SS101 would prime plant defences against insect herbivory, and that this effect 
would be reduced in microbial communities containing low abundance species (Mallon et al. 
2015). 
 
Material and Methods 
To test these hypotheses, we performed a soil dilution experiment [using a similar approach 
to that described by Hol et al. (2010)], in which plants of a wild ecotype of Arabidopsis 
thaliana originating from a grassland were grown in soil with six subsequent dilutions of a 
microbial community from the same grassland. Pseudomonas bacteria and the aphid 
herbivore Myzus persicae were added in a full factorial design. Myzus persicae is a common 
herbivore of Arabidopsis in the field and Pseudomonas has been shown to induce systemic 
resistance in this plant species (Harvey et al. 2007, Van de Mortel et al. 2012). After 24 h of 
aphid feeding the expression of several genes involved in induced plant defences was 
measured. After 2 weeks of aphid feeding, plant biomass and aphid reproductive success 
were assessed.  
 
Soil collection and treatment 
Ten soil samples (referred to as soil origins in the following) were collected from a 
biodiversity field experiment near Ede (the Netherlands). (For more details see 
Supplementary Information, Soil collection). Soil inocula were made by suspending 30 g of 
each sample in 100 ml phosphate-buffer (1 g.l-1 KH2PO4; pH=6.5). The suspensions were 
shaken for 1.5 h at 120 rpm, sonicated twice for 1 min, followed by another 0.5 h of shaking. 
Subsequently they were sieved through a 45 µm sieve. Thus, the mesofauna was excluded, 
but microorganisms, such as bacteria, archaea, fungi and protozoa were kept. The resulting 
suspension represents the undiluted inoculum (or 100 -dilution). Four subsequent 1:100 
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dilutions were prepared from all ten suspensions and used as inocula. Consequently the five 
dilutions are 100, 102, 104, 106 and 108. 
Three kilograms of sterilized bulk soil in autoclavable polypropylene plastic bags was 
inoculated with 100 ml of each dilution from each of the ten soil origins. Ten bags, serving 
as the sterile control, received 100 ml of sterile phosphate buffer similar to the dilution 
treatments resulting in 60 bags of 3 kg each (five dilution treatments + control × ten soil 
origins). The bags were closed with a cotton wool plug to allow gas exchange. Then, the bags 
were stored at room temperature for a period of 25 weeks during which the soil was 
homogenized every week by turning over the bags several times. This incubation was done 
in order to enable the microbial communities to reach similar cell densities independent of 
the dilution treatment (Griffiths et al. 2004, Hol et al. 2010). It was expected that in all soil 
origins dilution treatment would reduce the rare species as has been found in numerous 
previous dilution studies (Van Elsas et al. 2012, Yan et al. 2015, Roger et al. 2016). 
 
Pseudomonas fluorescens SS101 cultivation 
A rifampicin-resistant natural mutant of Pseudomonas fluorescens SS101 was cultured in 
liquid lysogeny broth (LB) medium for 24 h at 25°C with continuous shaking, washed three 
times in sterile MgSO4 buffer (2.64 gl-1 MgSO4) and adjusted to a final concentration of 109 
CFU per ml (OD600=1.0). One day prior to planting, all bags with 3 kg soil from all dilution 
treatments including the sterile control were split into two bags of 1.5 kg each. One bag of 
1.5 kg for each treatment was inoculated with 15ml of Pseudomonas suspension resulting in 
a final concentration of 107 CFU g-1 soil (+Pseudomonas). Soil receiving no Pseudomonas 
inoculum was mock-treated with 15 ml sterile MgSO4 buffer (-Pseudomonas). 
 
Plant and insect material 
The ecotype of A. thaliana (Msl) used in this study was obtained from the Laboratory of 
Molecular Biology of Wageningen University (Wageningen, The Netherlands) and originally 
obtained from the site where the soil had been collected. All seeds used in this study 
originated from an inbred line and represented the third generation since collection from the 
field. The seeds were surface vapour-sterilized (van de Mortel et al., 2012). Five seeds per 
plate were sown on half-strength Murashige-Skoog agar (4.3 g.l-1 Murashige-Skoog salts 
with vitamins, 10 g.l-1 sucrose, 8 g.l-1 plant agar) and germinated for 7 d in a climate chamber 
at a day/night cycle of 8/16h, 21/21°C, 200 µmol m-2 s-1 light intensity at plant level and 70% 
relative humidity.  
 
The generalist aphid species Myzus persicae (Sulzer) was reared in a growth cabinet under a 
day/night cycle of 16/8 h, 22/22°C and 50-70% relative humidity. Aphids were reared on A. 
thaliana plants of the same ecotype as used in the experiment. One day prior to plant 
infestation adult aphids were isolated in a separate net cage to enable the collection of 
neonates. 
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Experimental setup and maintenance 
Each bag of soil was used to fill three pots of 500 g soil each, resulting in 360 pots [ten soil 
origins × six dilution treatments × two Pseudomonas treatments (+Pseudomonas/-
Pseudomonas) × three pots]. The soil was saturated with autoclaved demineralized water 
(Demi) and one 7 d-old Arabidopsis seedling was planted in each pot. The plants were grown 
in a growth chamber in a randomized block design under the same conditions as during 
germination. Each block consisted of three trays each with 12 pots of a single soil origin with 
every dilution treatment present in duplicate (with and without Pseudomonas) and distributed 
randomly across the tray. This resulted in 27 trays with nine soil origins (Supplementary 
Information Fig. S2). Plants in soil from origin CA5 were randomly distributed over the 27 
trays. Once a week, trays moved position in the growth chamber while keeping the trays for 
soil origins adjacent to each other. The plants were watered three times a week with a total 
volume of 50 ml demineralized water per pot.  
 
Five weeks after transfer of the seedlings to the soil, plants on two trays of each soil origin 
(two out of three pots with the same treatment) were infested with aphids resulting in a full 
factorial experiment with all 10 soil origins, all five dilution treatments and the sterile control, 
the Pseudomonas treatment (+Pseudomonas/- Pseudomonas) and the aphid treatment 
(+Aphids/-Aphids). This resulted in a pot number of n=10 for treatments without aphids, 
whereas treatments with aphids had a pot number of n=20 (for all treatments see overview in 
Supplementary Information Fig. S1). 
 
One-half of the plants that were chosen for the aphid treatment were infested with six aphids 
of mixed ages from the general rearing. The other half of these plants were infested with five 
aphids from the mixed rearing and one neonate aphid (<24 h), which was placed in a clipcage 
so that time until first reproduction and number of offspring could be measured 
(Supplementary Information Fig. S3). Clipcages are round cages of 2.3 cm diameter that are 
attached to a leaf and allow an insect to feed on this leave, but prevent it from moving freely 
on the plant. This setup resulted in six aphids for each plant in total. After aphid infestation, 
all trays were placed individually in insect cages to prevent movement of aphids between 
infested and uninfested plants. One fully expanded leaf was harvested from each plant 24 h 
after aphid infestation to analyse gene expression. For aphid-treated plants, leaves containing 
at least one aphid were selected, and harvested after removal of the insect from the leaf. 
Leaves were shock frozen in liquid nitrogen after clipping and stored at -80°C until RNA 
isolation. The expression of five genes was assessed by real time quantitative PCR (RT-
qPCR): CYB79B3, HEL, PDF1.2 and VSP2, involved in JA- and ET-dependent plant defence 
pathways, and PR1, involved in SA-dependent defences (for more details see Supplementary 
Information: RNA extraction and quantitative RT-PCR analysis). 
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The reproduction of the aphids in the clipcages was observed continuously and aphids 
reproduced latest at an age of 10 d. Two weeks after aphid infestation the aphids in the 
clipcages were counted and all aphids were removed from the plants by careful brushing. On 
the same day plant shoots and roots were harvested. Subsequently, they were oven-dried for 
assessment of dry weight. Prior to root washing, rhizosphere soil was collected for 
+Pseudomonas treatments and several -Pseudomonas soils to control for contamination. The 
roots were carefully removed from the bulk soil and shaken gently. The remaining attached 
soil was designated as rhizosphere soil, transferred into a 1.5 ml Eppendorf-tube and stored 
at 4°C for a maximum of 2 weeks for Pseudomonas quantification (see Supplementary 
Information: Pseudomonas quantification). 
 
Statistical analysis 
All statistical analyses were carried out in R (R Core Team 2016). 
The effects of dilution treatment (specified as a discrete factor), Pseudomonas inoculation 
and aphid infestation on the response variables shoot and root biomass, the number of 
Pseudomonas, the number of aphid offspring, the time until first aphid reproduction and the 
expression of all five genes were analysed using linear mixed effect models. The fixed factors 
were nested in the random factor soil origin. For plant shoot biomass, time until first aphid 
reproduction and the expression of the genes CYB79B3 and PR1 the function lmer() from the 
lme4 package was used together with the step function from the lmerTest package (Bates et 
al. 2015). Due to non-normal  distribution of residuals glmmPQL() function from the package 
MASS was used to fit mixed models for plant root biomass, Pseudomonas numbers and the 
expression of the genes HEL, PDF1.2 and VSP2 (Venables and Ripley 2002). For the number 
of aphid offspring the glmer() function from the lme4 package was used. For the number of 
Pseudomonas a quasipoisson-error distribution was specified, for the gene expression and 
root biomass a Gaussian-distribution with a log link, and for the number of aphid offspring a 
Gamma-distribution with a log link.  
In addition, the relationship between the number of Pseudomonas and gene-expression, as 
well as plant biomass and the relationship between the number of aphid offspring and plant 
biomass were analysed with the lmer() function with soil origin as a random factor. 
 
 
Results 
Plant biomass response to dilution, Pseudomonas inoculation and aphid infestation  
Shoot and root biomass were significantly affected by dilution treatment (for statistical results 
see Table 1). Both shoot and root biomass showed a hump-shaped relationship with dilution 
treatment, increasing from the 100- to the 106-dilution by 23% and 18%, respectively (Fig. 
1). Biomass then decreased from the 106-dilution to the sterilized control by 15 % in shoots 
and 8 % in roots; however, this decrease was not significant.  Aphids overall decreased shoot 
and root biomass by 46 % and 25 %, respectively, but this reduction was independent of the 
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dilution treatment (Fig. 1). There was considerable variation in biomass response to dilution 
and aphid treatment due to large differences among the soil origins (e.g. shoot biomass; 
Supplementary Information Fig. S4). The largest plant had on average twice as much biomass 
as the smallest plant (from soil origin LD2 and NC2 respectively). 
 
At the end of the experiment, 7 weeks after Pseudomonas inoculation, this strain could still 
be recovered from soil. The number of Pseudomonas CFUs had decreased in all soils 
compared with the density that was inoculated (107 CFU.g-1 soil). The number of recovered 
Pseudomonas was positively associated with increasing soil dilution (Fig. 2). Pseudomonas 
decreased least in the sterilized control soil, to 37000 CFU.g-1 soil (0.37 % of the original 
inoculum) and most in the 100-dilution, to 2700 CFU.g-1 soil (0.027 % of the original 
inoculum). In spite of the substantial effect of dilution treatment on CFU.g-1 soil, the 
inoculation effect on shoot biomass did not depend on dilution treatment: Pseudomonas 
reduced shoot biomass by an average of 7.8 % regardless of soil community dilution. Root 
biomass was unaffected by Pseudomonas inoculation (Supplementary Information Fig. S5). 
Pseudomonas numbers also differed between soil origins with an ~19-fold higher number in 
LD5 soil than in CA4 soil. 
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Table 1: Statistical results of linear mixed models in this study assessed with 1 the lmer function, 2 the 
glmmPQL function with a gaussian error distribution, 3  the glmmPQL function with a quasipoisson error 
distribution, 4 the glmmPQL function with a Gamma error distribution and log link; below the results for 
the main effects the standard deviation of the random effect soil origin and the residual standard deviation 
are given. Stat represents the F or Χ2 value for analyses carried out using the lmer or the glmmPQL function 
respectively.  
Shoot 
biom
ass1 
Root 
biomass2 
CYB79
B31 
HEL
2 
PDF1.22 PR11 VSP22 Pseudom
onas 
count3 
Aphid 
reproduc
tion 
time1 
No. 
Aphid 
offspring
4 
Dilution df 5 5 5 5 5 5 5 5 5 5 
stat 2.5 19.2 0.6 4.1 5.1 0.4 6.9 34.7 2.5 3.6 
p 0.04 <0.01 0.74 0.53 0.4 0.81 0.23 <0.01 0.78 0.61 
Aphid df 1 1 1 1 1 1 1 1 
  
stat 176.3 58.4 8.1 0.9 0.1 5.3 2.3 0.7 
  
p <0.01 <0.01 <0.01 0.34 0.75 0.02 0.25 0.4 
  
Pseudomonas 
df 
1 1 1 1 1 1 1 
 
1 1 
stat 59.1 1.3 12.3 0.9 1 5.7 1 
 
0.002 0.4 
p 0.05 0.025 <0.01 0.34 0.31 0.02 0.31 
 
0.96 0.52 
Dilution:Aphi
d df 
5 5 5 5 5 5 5 5 
  
stat 0.4 6.8 0.7 5.2 7.8 1.5 7.4 19.9 
  
p 0.82 0.23 0.64 0.39 0.17 0.2 0.19 <0.01* 
  
Dilution:Pseu
domonas df 
5 5 5 5 5 1 5 
 
5 5 
stat 0.2 2.6 1.1 9.9 4 1.5 5.1 
 
1.7 2.77 
p 0.97 0.77 0.36 0.08 0.54 0.21 0.4 
 
0.88 0.74 
Aphid: 
Pseudomonas 
df 
1 1 1 1 1 1 1 
   
stat 0 0.6 0.4 0.2 0.5 1.1 0.9 
   
p 0.97 0.45 0.51 0.68 0.48 0.29 0.34 
   
Dilution:Aphi
d:Pseudomona
s df 
5 5 5 5 5 5 5 
   
stat 2 3.4 0.7 3.7 8.8 0.8 6.1 
   
p 0.07 0.64 0.64 0.59 0.12 0.54 0.29 
   
Random 
effects stdev 
          
Soil origin 0.02 0.02 4.0·10-
9 
0.13 8.6·10-5 2.9·1
0-7 
8.15 0.36 0.14 0.12 
Residual 0.03 0.03 0.59 1.01 3.22 1.59 664.92 105.12 0.62 0.29 
* For only one dilution treatment there was a significant interaction effect, therefore effect of dilution 
treatment on Pseudomonas count was subsequently assessed after averaging over aphid treatments. 
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Fig. 1: Shoot and root biomass (g.plant-1) of plants grown in soil with different dilution 
treatments with and without aphid infestation averaged over Pseudomonas treatments 
because there were no significant interactions between the treatments (100, 102, 104, 106 and 
108 represent the different dilutions; CTRL, control soil). White bars represent shoot biomass, 
black bars represent root biomass and error bars the standard error (n=20 for –Aphid 
treatment, n=40 for +Aphid treatment); different letters represent significant differences 
(p<0.05). 
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Fig. 2: Pseudomonas CFU counts.g-1 in soil subjected to different dilution treatments. Values 
represent averages of two technical replicates and aphid treatments and error bars indicate 
the standard error (n=10); different letters represent significant differences (p<0.05). Control, 
control soil. 
 
Plant gene expression in response to dilution, Pseudomonas inoculation and aphid 
infestation 
Infestation by aphids led to significant downregulation of the expression of CYP79B3 by a 
factor of 0.6. The expression of PR1 was significantly but slightly repressed 24 h after 
infestation (Fig. 3A). Similarly, the addition of Pseudomonas significantly repressed the 
genes CYP79B3 and PR1 (Fig. 3B). HEL, VSP2 and PDF1.2 expressions were not 
significantly affected by aphid or Pseudomonas treatment. Although both aphid infestation 
and Pseudomonas inoculation showed the same effect on gene expression, there was no 
interaction between the two treatments (for statistical results see Table 1). The number of 
Pseudomonas CFU recovered from soil was not correlated to gene expression. There was no 
effect of dilution treatment on plant gene expression (Supplementary Information Fig. S6). 
There was no interaction between dilution and Pseudomonas or aphid infestation effects.   
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Aphid reproductive success 
Although plant biomass varied between dilutions and Pseudomonas treatments, aphid 
reproduction (time until first reproduction and total number of offspring) did not differ 
between dilution treatments (Supplementary Information Fig. S7) or Pseudomonas 
treatments (Table 1). The pre-reproductive period was on average 7.1 days (minimum 6, 
maximum 10). The number of offspring per neonate aphid after 2 weeks varied between 1 
and 26 with an average of 15 new-borne aphids. The number of aphid offspring was 
significantly positively associated with plant shoot biomass (t1,56=3.1, p<0.01) 
(Supplementary Information Fig. S8), but showed no relation with root biomass or with the 
number of Pseudomonas CFU recovered from soil (root biomass: t1,76=1.3, p=0.19; 
Pseudomonas CFU: t1,33=1.2, p=0.24). Furthermore, the number of neonate aphids showed a 
maximum difference of 63 % between the soil origins (LD2 having the highest average 
number of offspring and CA5 the lowest number). 
 
Discussion 
In spite of the many studies on the effects of single PGPR strains on plant growth and 
resistance to pathogens and insect herbivores, little is known about such effects when 
considering their effects in the presence of the entire soil microbiome, or subsets of it. Low 
abundance soil microbes are known to contain species with a high potential impact on various 
ecosystem functions (Delgado-Baquerizo et al. 2016). Therefore, we examined whether the 
absence of some of the rare microbes may play a role in priming plant defences against insect 
herbivores. We examined the effects of soil dilution on plant defence against aphids and show 
that there was no consistent effect of loss of rare microbes, indicating that species that are 
rare in the soil microbiome had no effect on plant resistance against herbivory by aphids. 
Interestingly, random removal of low abundance soil microbial species by dilution generally 
led to an initial increase in plant biomass. This was unexpected given that bacterial diversity 
and the presence of rare species have been found to be positively associated with several 
functions such as decomposition and the suppression of plant pathogens (Salonius 1981, Van 
Elsas et al. 2012). However, a previous study also showed that high microbial diversity 
negatively influenced plant biomass compared with a community with fewer rare species 
(Hol et al. 2010). The authors of that study suggested that more inter-bacterial interactions at 
a higher diversity might have led to increased production of phytotoxic compounds.  
 
We used an Arabidopsis ecotype originating from the same site as the microbial community. 
Many other studies on Arabidopsis have confronted plant ecotypes with non-co-evolved soil 
microbes, which may help to understand interaction mechanisms, but not their ecological 
roles. We observed substantial differences between the dilutions that were prepared from soil 
samples collected from ten different plots in the field. This contributed to the high variation 
in biomass in the dilution treatments. Although we expected that the loss of rare species 
would have similar effects on plant growth and defence irrespective of the site of collection, 
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our results indicate that the effect of dilution will depend on the initial soil community 
composition. Thus, this composition might have differed between the plots. This conclusion 
is supported by Hol et al. (2015a), who found the effect of changes in community 
composition by dilution on plant biomass to be dependent on soil origin and consequently 
initial microbiome community composition. Our results suggest that the absence or presence 
of certain species in the soil microbiome will be of importance for both plant performance 
and resistance.  
 
Effects of our dilution treatment might not solely be due to the loss of rare species. While 
dilution has been shown to reliably reduce the number of low abundance species, it can also 
lead to an overall change in composition of the remaining species, for example because 
dominant species are released from (interference) competition. In addition, random sampling 
processes during dilution and cell regrowth could have led to differences among the dilutions 
of the different soil origins (Yan et al. 2015). Moreover, this study is focused on the effect of 
soil bacteria since low abundance bacterial species have frequently been demonstrated to 
affect other community members and ecosystem functioning. However, our experimental 
design did include other soil microorganisms, such as fungi, archaea and protozoa. Little is 
known about rare microbial species other than bacteria. Therefore, we cannot speculate on 
how they might have affected the present results. 
 
In accordance with the overall lack of effect on plant biomass loss by aphid feeding, dilution 
treatments had no effect on plant defence-related gene expression. However, aphid 
infestation did affect the expression of several defence-related genes. In contrast to our 
expectation that aphid feeding would induce JA-dependent defence, they downregulated the 
expression of CYP79B3 involved in indole glucosinolate synthesis (Mikkelsen et al. 2003) 
and had no effect on the two other JA-responsive genes VSP2 and PDF1.2. In addition, aphids 
repressed PR1, a marker gene of the SA pathway. Several studies have reported highly 
variable effects of aphids and other phloem feeders on different plant defence pathways 
(Thompson and Goggin 2006). It has been suggested that phloem feeding insects may use 
specific saliva components, such as glucose oxidase, to repress or redirect defence signalling 
in the plant (Giordanengo et al. 2010). Especially JA-dependent defences, which are 
supposed to be most effective against aphids, may be suppressed by phloem feeding insects 
through the induction of SA-dependent defences (Zhu-Salzman et al. 2004, Walling 2008, 
Kant et al. 2015). Kim and Jander (2007) also reported that M. persicae feeding decreased 
total indole glucosinolates, which are dependent on the enzyme encoded by CYP79B3. 
Nevertheless, our findings strongly indicate a reduction in plant defences following aphid 
infestation independent of microbial interactions. 
 
We did not detect an effect of soil dilution treatment on induction of systemic resistance by 
aphids. Nevertheless, we cannot exclude that rare microbial species loss had an effect on 
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resistance induction. On the one hand, induction of defences might have been restricted to 
the site of aphid feeding (De Vos et al. 2007). Variation in the number of aphids feeding on 
the leaves that were sampled for RNA expression might have led to high variation in gene 
expression. On the other hand, the pooling of leaves might have obscured potential 
differences in the measured gene expression.   
 
Upon inoculation of Pseudomonas, we found repression of genes involved in SA- dependent 
defences and in the glucosinolate biosynthesis gene CYP79B3, and no effect on aphid 
performance. These results suggest that Pseudomonas did not induce systemic resistance in 
A. thaliana against aphid herbivores. Moreover, the presence of Pseudomonas decreased 
shoot biomass in all soil dilution and aphid treatments. Our results are unexpected for several 
reasons. First, the PGPR strain of Pseudomonas is known to act via both SA-dependent and 
SA-independent defences in plants and to lead to an increase in both aliphatic and indolyl 
glucosinolate levels (Tran et al. 2007, Van de Mortel et al. 2012). Second, Pseudomonas was 
previously found to induce resistance against leaf chewing herbivores and to promote plant 
growth (Van de Mortel et al. 2012, Park et al. 2015, Pangesti et al. 2017). Third, survival of 
the strain decreased dramatically with increasing dilution treatment, which is in accordance 
with previous studies finding decreasing success of invading strains in more diverse 
communities (Mallon et al. 2015), but this has never been shown for plant growth promoting 
rhizobacteria. Although there are several possible explanations, our results demonstrate that 
low abundance soil microbes may be a key component in the establishment of inoculated 
biocontrol strains in the soil. Whether the growth-reducing effects of Pseudomonas are 
caused by the strain itself or by its interaction with other members of the microbiome cannot 
be determined without more detailed studies on microbiome composition. Interactions of 
Pseudomonas with other microbial species might explain the negative effect of the PGPR 
strain even if it is reduced to low cell densities.  
 
Plant interactions with PGPR may vary between species and even between bacterial strains 
and plant genotypes (Liu et al. 1995, Smith et al. 1999, Van Loon 2007, Wintermans et al. 
2016). It has also been shown that different plant ecotypes select for specific rhizosphere 
microbial communities by secreting a particular blend of root exudates (Hartmann et al. 
2009). This mechanism enables plants to recruit specific beneficial bacterial taxa upon attack 
by herbivores, which in turn induce plant resistance against insects (Yi et al. 2011). Species-
specific interactions might also have played a role in the lack of growth promotion of 
Pseudomonas as observed here. Previous studies on this bacterial strain report largely 
positive effects on plant biomass and defence. However, these studies used the A. thaliana 
Col-0 accession, whereas in our study an accession (Msl )was used that was growing at the 
same site where the soil for the dilution experiment had been collected. The discrepancy 
between our findings and the results of studies using the Col-0 accession indicate that the 
plant response to PGPR strains may depend on the plant genotype (Wintermans et al. 2016). 
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Hence, matching plant accessions, bacterial communities and insect species should be used 
to create an ecologically relevant experimental system. 
 
We conclude that the loss of rare microbial species from soil may affect plant performance, 
as well as the abundance of a single microbial strain of PGPR, but not the resistance of A. 
thaliana to leaf-sucking herbivores. However, different types of herbivores (e.g. phloem 
sucking versus chewing, generalists versus specialists) have been found to differentially 
trigger plant defence responses (Ali and Agrawal 2012, Erb et al. 2012). It is very possible 
that generalist chewers will cause stronger responses. Moreover, the high variation in 
biomass between plants grown in soil with inocula from the different soil origins indicates 
that differences in microbial communities, for example as a result of different plant 
community compositions, could be more important for plant performance than previously 
thought. Therefore, we suggest that variation in microbial community composition should be 
taken into account in studies on plant-insect interactions. 
 
Acknowledgements 
We thank Sebastian Yanore and employees of the NIOO-KNAW for their help with the set-
up, maintenance and harvest of the plant experiment. In addition, we are grateful to Julie 
Ferreira de Carvalho and Koen Verhoeven for help with the optimization and interpretation 
of the RT-qPCR assay. We also thank Léon Westerd for providing us with aphids and Xu 
Cheng and Ton Bisseling from Wageningen University for the provision of Arabidopsis Ms1 
seeds and their kind advice. This is publication 6377 of NIOO-KNAW. 
 
 
 
 
 
 
 
 
 
133 
 
Supplementary Information  
Supplementary methods 
Soil collection 
Soil was collected in 2015 from a field at Mossel near Ede (Gelderland, the Netherlands, 
52°04′N 05°45′E) where a long-term plant biodiversity experiment is running since 1996. 
Soil was collected from ten different plots of the biodiversity experiment that have originally 
been sown with different diversities of plant species with a minimal distance of 10 m between 
the collection sites. The soil samples of minimally 30 g each were collected from a depth of 
0-10 cm and served as inoculum (see Supplementary Information Table S1). In addition to 
the inoculum soil, 180 kg of bulk-soil was collected just outside the fenced experimental field 
at a depth of 30 cm, sieved and γ-sterilized (> 25kGray, STERIS AST, Ede, The Netherlands).  
 
Pseudomonas quantification 
To assess colonization of soil by Pseudomonas, 0.5 g of soil was suspended in 5 ml MgSO4 
buffer and shaken for 0.5 h. Subsequently, 10-2 dilutions  of these suspensions were plated 
on LB-agar supplemented with 100 µg ml-1 rifampicin, 25 µg ml-1 chloramphenicol, 50 µg 
ml-1 ampicillin, 100 µg ml-1 cycloheximide and 50 µg ml-1 thiabendazole, which is selective 
for rifampicin-resistant Pseudomonas fluorescens SS101 (Mazzola et al. 2007). After 48 h of 
incubation at 25°C colonies were counted and the number CFU per gram of soil dry weight 
was determined.  
 
RNA extraction and quantitative RT-PCR analysis 
RNA was extracted using the Isolate II RNA Plant Kit (Bioline, London, United Kingdom) 
according to manufacturer’s instructions. To reach the required amounts of plant material for 
extraction, two leaves from the same treatment of different soil origins were pooled. Leaves 
of two of the soil origins (CA4 and CA5) were not analysed due to limitations in time and 
material resulting in 4 replicates per treatment. RNA concentration and purity were measured 
by Nanodrop (NanoDrop 2000, Thermo Fisher, Waltham, MA, USA) and RNA integrity was 
confirmed by gel electrophoresis. An equal amount of each RNA sample was used for cDNA 
synthesis using the iScript cDNA synthesis Kit (Biorad, Hercules, CA, USA). Subsequently 
cDNA was diluted by a factor of 1:20 with RNase free water.  
For RT-qPCR analysis specific primers were used for 5 genes involved in the 3 main plant 
defence pathways regulated by ET, JA or SA respectively: VSP2 (At5g24770; JA-dependent) 
(Anderson et al. 2004), PDF1.2 (At5g44420; JA-and ET-dependent), PR1 (At2g14610; SA-
dependent) (Pineda et al. 2012), HEL (At3g04720; ET-dependent) (Pangesti et al. 2015) and 
CYP79B3, involved in glucosinolate synthesis and inducible by jasmonic acid treatment 
(At2g22330; JA-dependent) (Lemarié et al. 2015) (for all primer sequences see 
Supplementary Information Table S2). In addition, the expression of the reference genes 
FBOX (At5g15710) (Remans et al. 2008) and GAPDH (At3g04120) (Pineda et al. 2012) was 
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assessed for normalization. All qPCR reactions were performed in a Biorad CFX 
Thermocycler (Biorad, Hercules, CA, USA). The amplification mix with a volume of 25 μl, 
contained 10 μl SensiFAST SYBR No-ROX mix (Bioline, London, United Kingdom), 1 μl 
forward and reverse primer (concentration see Supplementary Information Table S2), 8 μl 
RNase free water and 5 μl cDNA. The following PCR protocol was used for all PCR analyses 
with exception of reactions containing the primer for PDF1.2: 95°C for 3 min, followed by 
40 cycles of 95°C for 5 s and 63°C for 30 s. For reaction mixes containing PDF1.2 primers 
the same protocol was used with 40 cycles of 95°C for 15 s and 63°C for 45 s. All reactions 
were performed in duplicate with 4 biological replicates. Reaction efficiencies and Ct values 
were calculated using the LinRegPCR software (version 2014.7). The most stable reference 
was calculated from the two reference genes by repeated pair-wise correlation analysis using 
the Excel-based tool BestKeeper (Pfaffl et al. 2004). Duplicate samples were averaged and 
expression was normalized by substracting the BestKeeper reference. The gene expression 
was further normalized against the control treatment of the respective pool of soil replicated 
using the comparative Ct-method (also known as 2-ΔΔCt method) (Livak and Schmittgen 
2001). 
 
 
 
Fig. S1: Overview of applied treatments; subsequently applied treatments, number of 
treatments (n) and duration of treatment application. 
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Fig. S3: Picture of a clipcage; lateral view and top view; diameter of the cage= 2.3 cm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
137 
 
 
 
  F
ig
. S
4:
 R
ed
uc
tio
n 
of
 to
ta
l p
la
nt
 b
io
m
as
s 
by
 a
ph
id
 in
fe
sta
tio
n 
of
 p
la
nt
s 
gr
ow
n 
in
 s
oi
l w
ith
 d
iff
er
en
t d
ilu
tio
n 
tre
at
m
en
ts
. D
iff
er
en
t 
co
lo
ur
s 
re
pr
es
en
t 
th
e 
10
 d
iff
er
en
t 
so
il 
re
pl
ic
at
es
. B
io
m
as
s 
w
as
 a
ve
ra
ge
d 
ov
er
 P
se
ud
om
on
as
 t
re
at
m
en
ts
; 
Er
ro
r 
ba
rs
 i
nd
ic
at
e 
th
e 
sta
nd
ar
d 
er
ro
r. 
* 
Si
gn
ifi
ca
nt
 d
iff
er
en
ce
s b
et
w
ee
n 
th
e 
so
il 
re
pl
ic
at
es
. 
  
138 
 
 
Fig. S5: Arabidopsis shoot and root biomass in –Pseudomonas and +Pseudomonas 
treatments; error bars indicate the standard error (n=180). There was a significant effect of 
Pseudomonas on shoot biomass (F1,339=4.9, p=0.03), but not on root biomass (F1,336=1.09, 
p=0.30). Shoot and root biomass are averaged over dilution treatment because there was no 
significant interaction (shoot: F5,329=0.21, p=0.96, root: F5,330=0.56, p=0.73). 
 
Fig. S6: Relative gene expression in plant leaves grown in soil with different dilution 
treatments, gene expression is averaged over aphid and Pseudomonas treatment; genes 
regulated by the ET-, JA- and SA- pathway respectively are marked by different colours (ET 
= red, JA =green, SA= blue). 
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A  
 
B 
 
Fig. S7: Aphid fecundity on plants grown in soil with different dilution treatments; A) 
Number of newly born aphids after 2 weeks, B) time until first reproduction of neonate aphids 
(<24 h) placed in clipcages; on plants grown in soil with different dilution treatments 
averaged over Pseudomonas treatments; error bars indicate the standard error. 
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Fig. S8: No. of aphid offspring related to plant shoot biomass; shoot biomass (g) plotted 
against number of new-born aphids in 2 weeks 
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Table S1: Description of site of soil origin; plots of the long term biodiversity experiment at 
the field site of soil collection at Mossel near Ede (Gelderland, the Netherlands, 52°04′N 
05°45′E); for a more detailed description of the treatments see Van der Putten et al. (2000); 
plots for soil collection are marked in bold. 
 
 
Plot name Treatment Description 
HD1 high diversity 15 species sown in 1996; 5 grasses, 5 
forbs, 5 legumes 
HD2 high diversity 15 species sown in 1996; 5 grasses, 5 
forbs, 5 legumes 
HD3 high divesity 15 species sown in 1996; 5 grasses, 5 
forbs, 5 legumes 
HD4 high divesity 15 species sown in 1996; 5 grasses, 5 
forbs, 5 legumes 
HD5 high divesity 15 species sown in 1996; 5 grasses, 5 
forbs, 5 legumes 
LD1 low diversity 4 species sown in 1996; 2 grasses, 1 forb, 
1 legume 
LD2 low diversity 4 species sown in 1996; 2 grasses, 1 forb, 
1 legume 
LD3 low diversity 4 species sown in 1996; 2 grasses, 1 forb, 
1 legume 
LD4 low diversity 4 species sown in 1996; 2 grasses, 1 forb, 
1 legume 
LD5 low diversity 4 species sown in 1996; 2 grasses, 1 forb, 
1 legume 
CA1 continued agriculture  
CA2 continued agriculture  
CA3 continued agriculture  
CA4 continued agriculture  
CA5 continued agriculture  
NC1 natural colonisation no treatment 
NC2 natural colonisation no treatment 
NC3 natural colonisation no treatment 
NC4 natural colonisation no treatment 
NC5 natural colonisation no treatment 
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Table S2: Sequences of all primers used in RT-qPCR analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
Gene AGI-codes Forward primer (5’-3’) Reverse primer (5’-3’) Conc. 
(μM) 
CYP79B3 At2g22330 CTCTTCGGATCTCAC
GACCA 
CATCAAGAAGCAA
AGGGCCG 
7.5 
GAPDH At3g04120 AATGAAGGACTGGA
GAGGTGGAAG 
ACGGTTGGGACAC
GGAAAGAC 
7.5 
FBOX At5g15710 TTTCGGCTGAGAGGT
TCGAGT 
GATTCCAAGACGT
AAAGCAGATCAA 
7.5 
HEL At3g04720 GAGAATAGTGGACC
AATGCAG 
GTAGACCGATCGA
TATTGACCT 
10 
PDF1.2 At5g44420 CACCCTTATCTTCGC
TGCTC 
GTTGCATGATCCAT
GTTTGG 
7.5 
PR1 At2g14610 CACTACACTCAAGTT
GTTTGGA 
TAGTATGGCTTCTC
GTTCACAT 
10 
VSP2 At5g24770 TCAGTGACCGTTGGA
AGTTGTG 
GTTCGAACCATTAG
GCTTCAATATG 
7.5 
143 
 
Chapter 6 
 
Discussion 
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The main motivation for my project and the aim of this thesis is to advance the field of 
research on rare species. Therefore, I commence most chapters of the thesis with this or 
similar wording: “Rare species are essential for many different ecosystem functions and yet 
we still lack essential knowledge about them. This is particularly worrisome because rare 
species are vulnerable to extinction and we run the risk of unwittingly loosing species that 
fulfil keystone functions in our ecosystems”. I approached the field of rare species by 
studying soil bacterial communities for three reasons. First, bacterial communities are highly 
diverse and contain a high proportion of rare species with many of them still virtually 
uncharacterized. Second, many important ecosystem functions, such as decomposition, rely 
on soil bacteria. Third, bacteria can be studied using high-throughput experimental set-ups 
testing many factors at the same time under highly controlled conditions, which is laborious 
for other organisms. Here I will discuss how the main findings of my thesis add to current 
knowledge about rare bacteria and point out future directions of research. In addition I will 
address how my findings on rare bacterial species can be adopted in the research on other 
organisms. 
 
1. The cultivation of rare microorganisms- it is in the name 
 
In order to study rare species we have to be able to find and observe them. This is especially 
challenging for microorganisms due to their small size. In spite of intriguing and ongoing 
developments of molecular tools to detect microorganisms it is still a challenge to apply them 
to rare microbial species and to test their functional traits and abundance dynamics. 
Therefore, the cultivation of bacteria in the laboratory is still essential. However, the majority 
of bacterial species remains recalcitrant to cultivation with the methods employed today and 
it might be tempting to think that rare species would be especially difficult to culture 
assuming that they are slow growing and highly specialized in their niche. Still, the 
cultivability of rare bacterial species has seldom been tested as only few studies assessed the 
abundance of their isolates in situ with differing results (Shade et al. 2012a, VanInsberghe et 
al. 2013). 
In Chapter 2 of this thesis, I isolated both rare and abundant bacterial species from soil for 
subsequent use in follow-up studies on species traits and factors that may cause rarity. In this 
cultivation study I also tested if the abundance distribution of the isolated species was 
representative of the abundance distribution of the field community and if the choice of 
cultivation medium and a prolonged incubation time could increase the proportion of rare 
species in the collection of isolates. I used flow cell sorting to select for small cells and 
prevent interspecific competition. Interestingly, in this cultivation study I could not capture 
a proportion of rare species equal to the proportion found in soil. Moreover, neither the choice 
of medium nor a prolonged incubation time led to a better representation of rare species. 
Although my cultivation approach is only one of many techniques that are commonly 
employed for bacterial cultivation, this study indicates that other approaches, such the streak-
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plate or spread-plate method, as well may inadvertently select against rare species. 
Consequently, studies that utilize isolates retrieved from these common approaches are likely 
to be biased towards the more abundant species. Hence, they might neglect rare species, 
which could differ in their response and effect traits from abundant species. 
 
The bias of bacterial cultivation techniques towards abundant species calls attention to the 
necessity to test for the abundance distribution of bacterial isolates in the field. Not only will 
this measure enable researchers to deliberately study rare as well as abundant species, it will 
also facilitate the comparison of different cultivation techniques with respect to how well 
they capture the full range of species abundances. This comparison can subsequently help to 
develop techniques for the enrichment of rare species. Such techniques might include novel 
cultivation media. As some low abundant species have been proposed to be adapted to narrow 
niches and scarce nutrients (Östman et al. 2010), media with a lower substrate concentration 
or a wider range of more recalcitrant compounds could allow their cultivation. In addition, 
some rare species might require compounds produced by neighbouring species (Kaeberlein 
et al. 2002). Co-inoculation techniques could lead to successful cultivation of these particular 
species. Moreover, studies that mimic soil conditions, for example through the use of 
diffusion chambers placed directly in soil, succeeded in culturing many novel species that 
require soil specific compounds for growth (Nichols et al. 2010). It would be of high interest 
to test if these methods capture a higher amount of rare species than the approach of this 
thesis or other traditional cultivation techniques. However, a test of these methods was 
beyond the scope of this thesis. 
 
With the approach outlined in Chapter 2 I did not only select for more abundant species, but 
also for species that are saprotrophic and able to grow on media that are still relatively 
nutrient-rich compared to most soils, i.e. copiotrophic species. It has not been experimentally 
tested yet if copiotrophy and oligotrophy are correlated with bacterial species abundance. 
However, other studies suggest that many rare species might be copiotrophs (Shade et al. 
2012a). My collection of soil bacterial isolates allowed me to study rare as well as more 
abundant species that are comparable with each other with respect to their nutrient 
requirements. Therefore, growth related traits, competitiveness and predation resistance 
could be assessed under the same conditions. Moreover, the isolate collection still contained 
a gradient in growth rates and substrate utilization patterns as I showed in Chapter 3, which 
could be used for studying the interactive effect of species traits, competitor and predators 
on species abundance in Chapter 4. Thus, the isolation approach of Chapter 2 provided me 
with a set of isolates, which have been characterized for their abundance in the field to use 
for follow-up studies on rare species traits and abundance dynamics. At the same time it 
showed that further developments in cultivation techniques are needed to capture a more 
diverse set of species.  
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Implications for the research on non-microbial organisms 
I showed that isolation studies likely select for more abundant species. Furthermore, the 
utilization of a limited and specific set of bacterial isolates poses restrictions on our 
understanding of bacterial communities and the same is true for research on other organisms. 
In experimental studies on bacteria, model species, such as Escherichia coli or Pseudomonas 
fluorescens, are widely used to test concepts and mechanisms that are subsequently 
transferred to other species. Similarly, research on macroorganisms is often based on a few 
model species, such as Arabidopsis thaliana for plants or zebrafish and mice for vertebrates. 
In contrast, species that are low abundant in the environment are often disregarded in 
experimental set-ups. Both for microorganisms and macroorganisms the selective use of 
mostly common species that readily grow under laboratory conditions might not allow us to 
draw general conclusions (Alfred and Baldwin 2015, Yu et al. 2016). For microorganisms 
there is increasing awareness that yet uncultivated species could carry out highly relevant 
functions in the environment and should therefore be brought into culture and tested 
experimentally (Salcher and Simek 2016). Also for research on macroorganisms it should be 
encouraged to extend the scope of species.  
 
2. Causes for species rarity- many ways to one rarity 
 
Recently, the function of rare bacterial species has attracted considerable attention. However, 
the questions why is one species rare, whereas another is abundant and are there certain traits 
that can be used to predict species abundance have not yet been addressed. For communities 
ranging from plants to marine macrofauna and beetles, slow growth and a strong adaptation 
to specific conditions have frequently been proposed as causes for species rarity (Davies et 
al. 2004, Ellingsen et al. 2007, van Kleunen and Richardson 2007). However, these theories 
often stem from observational studies, whereas species traits have rarely been studied 
experimentally. 
 
While for other organisms it has often been suggested that rare species might be slow 
growing, also the opposite has been found to occur frequently in bacteria. However, these 
studies were based on observances of community shifts or molecular methods assessing 
rDNA/rRNA ratios, which are prone to biases as mentioned earlier (Wilhelm et al. 2014, 
Aanderud et al. 2015). In contrast, cultivation-based tests of bacterial traits in concert with 
species abundance are scarce. In addition, species rarity has often been explained by a narrow 
niche breadth, but this has not been tested for microorganisms. Therefore, in Chapter 3 I 
used the bacterial isolates retrieved in Chapter 2 to test potential species growth rates and 
their ability to use a range of substrates. These life-history traits have been used to place 
species in the oligotrophic-copiotrophic continuum (Fierer et al. 2007).  
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Even when using a relatively small collection of bacterial isolates I found striking differences 
in species traits and unexpected relationships between traits. For instance, copiotrophic and 
oligotrophic species so far have been assumed to differ in their reaction to the addition of 
nutrients (Morrissey et al. 2016). However, I showed for the first time that growth rate was 
also correlated with the number of substrates soil bacterial species could use. In addition, 
bacterial classes differed significantly with respect to growth rate and substrate use, 
suggesting that these traits can be highly phylogenetically conserved.  Although these 
findings were unexpected and highly interesting, the results of that study could not help 
answering the question why in the field some species were rare and others abundant. Whereas 
for some species that were rare in the field, their slow growth and narrow niche breadth might 
have accounted for their low abundance, other rare species showed high growth rates and a 
broad niche breadth. Similarly, there were slow as well as fast growing species among the 
isolates that were both abundant in the field. Thus, from this study I could conclude that for 
saprotrophic soil bacteria, factors other than growth rate and substrate use are likely to 
influence abundance in field soil.  
 
In Chapter 4, I decided to test the effects of competitors and predators on species abundance 
in addition to the species traits measured in Chapter 3. For this purpose, I chose 24 species 
from my isolate collection that were rare or abundant in the field community as well as fast 
or slow growing in the laboratory, and combined them in constructed communities at four 
different nutrient levels. I expected that the competitive success and therefore abundance of 
fast and slow growing species would change with nutrient availability. Fast growing species 
were expected to be competitively superior at high nutrient concentrations whereas slow 
growing species were expected to have an advantage at low nutrient concentrations, 
according to the oligotrophic-copiotrophic concept (Fierer et al. 2007). However, the results 
of my experiment defied this expectation. Slow growing species were subordinate under all 
nutrient concentrations indicating that slow growing species can be competitively inferior.  
While some slow growing species were clearly abundant in the field, some might be 
permanently rare. Most surprisingly, the rare fast growing species dominated the artificial 
communities over the whole nutrient range. Since the species abundances in the constructed 
communities differed essentially from the abundances in the field soil, this part of my study 
indicated that competition for nutrients alone might not shape species abundances. Moreover, 
my results showed that rare species with high potential growth rates might have the ability to 
become abundant under favourable conditions.  
 
Up to this point, I demonstrated that some bacterial species are fast growing, metabolically 
versatile and highly competitive, but that they nevertheless are rare in the field. To determine 
why they are rare in spite of their high competitiveness, I performed a competition 
experiment simultaneously with the addition of protistan grazers as another layer of 
complexity in the system. It has been suggested that there is a trade-off between 
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competitiveness and susceptibility to predation among bacteria (Bohannan et al. 2002), but 
so far this has not been investigated in the context of species abundance. In Chapter 4, I 
found indications for such a trade-off between competitiveness and susceptibility to predation 
for soil bacterial species Moreover, I found differences in the strength of the trade-off 
between rare and abundant species under the tested conditions. Especially rare fast growing 
species were highly competitive in the constructed communities, but more negatively 
affected by predation, which is in accordance with the “Kill the Winner” hypothesis (Winter 
et al. 2010). Hence, my study suggests that rarity in soil bacterial communities might be due 
partly to predation by protists.  
 
In addition, I investigated the influence of nutrient availability on the effects of predation and 
competition on bacterial community composition. In nutrient-rich systems predation (top-
down effects) is supposed to be of greater importance for community composition than 
competition (bottom-up effects) as outlined in the general introduction of this thesis (see also 
Fig. 3 of the introduction). The expectations raised in the introduction could only partially be 
supported by my results from Chapter 4. In the predator-free communities a low nutrient 
concentration decreased the abundance of rare fast growing species, but the abundance of 
abundant fast growing species was slightly increased. (Fig. 1 A, B). Neither did a lower 
nutrient concentration lead to a change in rank between fast and slow growers, as predicted 
in the introduction. Similarly, in the presence of predators the group of rare fast growing 
species was constantly decreased, but again did not become low abundant (Fig. 1 C, D). 
Except for the group of rare and slow growing species there was no interaction between the 
effect of nutrient availability and the effect of predation on abundance. However, I did 
observe a stronger negative relationship between abundance without predation and predation 
resistance at higher nutrient concentrations for several species. This indicates that the trade-
off between competitiveness and predation became more important for species abundance 
with increase in nutrient concentration. If I apply the theory of fitness cost, outlined above, 
to my results, I can speculate that relatively high nutrient concentrations enabled the abundant 
species to invest resources in anti-predator defences, which rendered them resistant to 
predation, while they were not limited by competition for nutrients. In contrast, the rare 
species might not have been able to develop effective defences.  
 
However, even within the relatively small collection of rare isolates there was a considerable 
variation between species. As already established in Chapter 3, in Chapter 4 some species 
were slow growing and also showed a low competitive ability under most nutrient regimes. 
These species might be adapted to a life style of permanent rarity. Other species were growing 
fast, but were outcompeted in the artificial communities. Finally, several fast growing species 
were superior competitors, but at the same time vulnerable to predation. Still, not for all 
species rarity could be explained sufficiently in the constructed communities; in the soil other 
(abiotic) factors might affect their abundance, such as pH or moisture. I conclude that for soil 
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bacteria there might be no overarching cause, but rather different causes for rarity for 
different species. However, predation had the most distinct effect on species abundance in 
my study.  
 
 
 
Fig. 1: Effects of resource availability (bottom-up) and consumption (top-down) on the 
abundances of the four species groups as found in the study of Chapter 4. The size of species 
boxes represent species abundances as found in the constructed communities; thick arrows (     
) indicate a strong effect, thin arrows (       ) indicate a weak effect. 
 
Mechanisms of defence and competition 
Competition between bacterial species and predation shifted species abundance in my 
microcosm study compared to the initial equal densities. There are many possible 
mechanisms that can explain my observations as bacteria compete in a variety of ways and 
can escape predation by several means. Mechanisms of competition, for instance, are usually 
divided into exploitative and interference competition (Hibbing et al. 2010). Exploitative 
competition often can be linked simply to life-history traits. Fast growing species may more 
quickly exploit a source of nutrients, while slow growing, oligotrophic species are able to 
reduce nutrients to the lowest level. Thereby they can gain a competitive advantage at 
extremely low concentrations. However, these mechanisms alone could not explain my 
findings. In particular, the dominance of one group of fast growing bacteria throughout the 
experiment could not be due to growth rate alone, because other species with similar potential 
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growth rate were outcompeted. This indicates that other mechanisms of competition have 
been involved in generating the abundance pattern in my constructed communities.  
 
One such mechanism could have been exploitative competition by other means than fast 
growth. For example the production of secondary metabolites can enhance the ability of a 
bacterial species to monopolize a nutrient source (Stubbendieck and Straight 2016). One 
example is the production of siderophores, which facilitates the scavenging of iron from the 
environment (Compant et al. 2005). However, the production of extracellular siderophores 
can also benefit neighbouring strains, which reduces the benefit of siderophore production in 
homogenous conditions, such as microcosms (Traxler et al. 2012). Furthermore, bacteria can 
engage in multiple ways of interference competition. Probably best known is the production 
of inhibitory secondary compounds such as antibiotics, but also disruption of cell-to-cell 
signalling of competitor species can result in a distinct competitive advantage for the 
inhibitory species (Hibbing et al. 2010). In addition to secondary compounds, the production 
of certain enzymes can give bacterial species an advantage in competition (Stubbendieck and 
Straight 2016). Nevertheless, bacterial competition in multispecies communities is even more 
complex, as bacteria cannot only produce inhibitory compounds, but also evolve resistance 
to the antibiotics produced by their competitors. Both production and resistance involve a 
fitness cost, which can enable sensitive non-producer species to outcompete resistant strains 
resulting in what is called a non-transitive competition network (Kerr et al. 2002).  
 
In the experiment described in Chapter 4 I did not assess the mechanisms by which species 
competed. However, the significant differences in final abundance in the artificial 
communities between species with similar growth rates suggest that other mechanisms than 
rapid growth were involved in a species’ competitive success in the constructed communities. 
Follow-up studies should test for interference competition by secondary metabolite 
production of bacteria. For instance, the ability of bacterial strains to produce antimicrobial 
compounds or inhibitors of cell signalling can be tested by full-genome sequencing of 
cultivated strains or transcriptome analysis (see e.g. Juhas et al. (2005), Paulsen et al. (2005)). 
However, in order to prove that the respective compounds are also produced during the actual 
species interaction, in situ detection methods have to be applied. For example, high 
performance liquid chromatography (HPLC) linked to mass spectrometry is effective for the 
detection of antibiotics, even directly in the soil environment (Raaijmakers et al. 2002). In 
addition, the expression of genes involved in secondary metabolite production tagged with 
fluorescent proteins can be followed using reporter strains (Baehler et al. 2005). Assessing 
the mechanisms of bacterial competition in addition to changes in species abundance could 
enable determining their relative importance for the outcome of species interactions and 
improve our understanding of species abundance dynamics. 
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In addition to competitive traits, bacteria have evolved many ways to escape predation by 
protists. Anti-predator defences include morphological adaptations, such as oversized or 
filamentous cells, but also very small cell sizes, or increased motility (Matz and Kjelleberg 
2005). Moreover, the production of antimicrobial compounds has proven to be also effective 
against protists, especially against non-size-selective grazers, such as amoebae (Matz and 
Kjelleberg 2005). However, anti-predator defences are subject to similar or even greater costs 
as traits increasing competitive ability, and it has been shown that nutrient limitation can 
change the expression of defence traits or even prevent it (Matz and Kjelleberg 2005). This 
fitness cost is also supposed to cause a trade-off between fast growth and predation resistance 
(Corno and Jürgens 2008). Indeed, in Chapter 4 I could observe a negative relationship 
between abundance without predators and predation resistance. This relationship was on 
average strongest for species that were rare in field. This difference in trade-off between 
competitiveness through fast growth and predation resistance indicates that many of my rare 
bacterial isolates possessed traits aiding them in competition, but were not able to develop 
predator-resistance traits as effectively as some of the more abundant isolates. To gain further 
insights into the role of predator resistance in determining bacterial community composition, 
bacterial defence traits could be assessed for example by measuring secondary compound 
production as well as testing for morphological changes.  
 
Long-term community dynamics 
A question following from my studies is how the constructed communities would develop 
over time. Former studies using simple artificial communities can give some indications 
about the community dynamics in the long-term. A study initiated by Lenski (2017) in 1987 
and running ever since, showed ongoing evolutionary adaptation of E. coli in simple batch 
cultures (see also Wiser et al. (2013)). In addition to changes in competitiveness, studies 
using E. coli and T-phages demonstrated that very small genetic changes can have large 
effects on the trade-off between competitiveness and predation resistance in 3-species 
communities. These small changes subsequently led to widely different outcomes of 
community dynamics, from competitive exclusion, to stable coexistence and even 
oscillations (Bohannan and Lenski 2000a). As these studies used only 2- and 3-species 
interactions, it seems likely that communities of 12 bacterial species and a predator will show 
even more variable dynamics if allowed to develop over longer periods of time. While it can 
be expected that the communities will change, it seems impossible to anticipate how these 
changes will look like. Moreover, the studies by Lenski (2017) indicate that different 
replicates of the same community will develop differently based on small random mutations 
of the various species. However, it would be of high interest to test if some species show life-
styles of permanent rarity or fluctuating abundance and if this can be correlated with their 
abundance in the environment. 
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The advantages of cultivation-dependent approaches for studying rare bacteria 
It can be argued that the use of simple artificial communities, as in this thesis, is in no way 
representative of natural systems. Especially soil is much more complex than the bacterial 
microcosms used here or, indeed, any laboratory system today. Soil structure provides spatial 
separation, which can regulate competition and facilitate the co-existence of a high diversity 
of species (Torsvik et al. 2002). In addition, substrate supply is heterogeneous both with 
respect to the variety in compounds and fluctuations in time, and also other abiotic factors, 
such as pH and moisture, are subject to dynamic changes (De Deyn and Van der Putten 2005, 
Pereira e Silva et al. 2012). To account for this natural heterogeneity, study systems could be 
used that more closely mimic natural conditions, such as synthetic ecosystems created by 
nanofabrication and microfluidics and -droplets (Hol and Dekker 2014, Boitard et al. 2015). 
As an alternative, natural communities could directly been studied in soil. For instance, the 
effects of predation could be assessed by excluding or adding protistan predators to soil. 
Similar studies as proposed here have been conducted in aquatic systems (Corno et al. 2008), 
but not yet in soil.  
 
Most of these nature-mimiking techniques, however, jeopardize the advantages that simple 
laboratory model communities provide. Environmental variables can be easily manipulated 
and controlled. This enables to accurately define and replicate experimental conditions, 
while, in the field and more complex set-ups, confounding factors cannot be excluded. 
Moreover, by using a small set of well-defined bacterial species, we can disentangle different 
mechanisms behind the community shifts we observe. Thus, only a reduction of complexity 
enables us to test general principles in community ecology (Bohannan and Lenski 2000a). 
My study confirms that cultivation-based approaches in combination with diverse artificial 
communities can be used to study the dynamics of individual species and of larger subsets of 
the community. Therefore, I propose that simplified systems are indispensable to answer 
general questions in microbial ecology. Still we have to keep in mind that these simplified 
systems cannot reproduce natural ones (Jessup et al. 2004). Instead they can be used as a 
complementary approach, and relatively species rich artificial communities can bridge 
between the study of single model organisms and complex natural systems. 
 
Causes of rarity for macroorganisms- what can we learn? 
Soil bacteria are without doubt a fascinating study system, not in the least because they are 
crucial for life on earth. Nevertheless, understanding the causes of species rarity is also an 
important but poorly discussed topic on other scales of life. It would be of advantage to apply 
theories on the causes of rarity in microorganisms to causes of rarity of macroorganisms since 
bacterial communities can be tested in high-throughput assays.  However, there are 
limitations in the comparability between macro- and microorganisms. In Chapter 3 I tested 
if the bacterial life-history traits growth rate and substrate utilization are associated with 
species abundance. However, what are the equivalents of those traits in other organisms? For 
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plants the rate of vegetative growth, but also seed production might be considered as being 
similar to bacterial growth rates. Moreover, seed production involves several traits, such as 
seed size and seed number. For animals, the growth rate is commonly defined as the number 
of offspring, but this is modified by parameters, such as reproductive effort  and many others 
(see also review by Stearns (1976)). And while the oligotrophic-copiotrophic concept has 
originally been derived from the K- and r-strategist concept in macroorganisms, today their 
definitions are fundamentally different (Parry 1981). Many studies, which attempted to relate 
species traits to their abundance, whether studying plant species, lizards or other organisms 
did not find any clear associations (Luiselli et al. 2012, Godefroid et al. 2014, Pianka 2014). 
Hence, neither for bacteria nor for macroorganisms traits have been identified that can be 
used as reliable predictors for species rarity, wherein lies their similarity. 
 
In contrast to species traits, general concepts such as the roles of competition and predation 
might be more comparable between micro- and macroorganisms. For example, for plants, a 
trade-off between the ability for rapid growth in nutrient rich environments and the ability to 
tolerate low nutrient concentrations has also been predicted (Tilman 1982, Grace 1990). 
These concepts are very similar to what has been found for microbial communities (see e.g. 
Hu et al. (1999)) and also the results from Chapter 4 indicate that changes in competitive 
ability might occur with differences in nutrient concentration. However, for macroorganisms 
(as well as for microorganisms) little is known about how competitiveness affects species 
abundances in the field. Whereas Candeias and Warren (2016) conclude that rare grassland 
species are on average weak competitors, several other studies did not find a connection 
between competitiveness and abundance (Rabinowitz et al. 1984, Müller et al. 2016). This, 
too, is in accordance with my findings for bacterial competition because several bacterial 
isolates that were rare in soil proved to be highly competitive in artificial microcosms. Hence, 
current studies suggest that competition might not be a primary cause for rarity for many 
species. 
 
The failure to explain species abundance by competitiveness could indicate that predation 
might play a role not only for micro-, but also for macroorganisms. A negative relationship 
between competition through fast growth and predation resistance or tolerance seems to be 
common across kingdoms (Kneitel and Chase 2004b). The similarities in the concepts of 
competitiveness and predation resistance between micro- and macroorganisms indicate that 
also causes of rarity might be similar to a certain degree. My findings in Chapter 4 suggest 
that the rare fast growing bacterial species were more strongly affected by predation than 
abundant species. Moreover, resource availability has been shown to change the influence of 
predators on community composition  for bacterial as well as non-bacterial organisms as 
predation can be expected to be most important at a high nutrient availability (Bohannan and 
Lenski 2000b, Kneitel and Chase 2004a). The results of Chapter 4 suggest that the negative 
impact of predation by protists on highly competitive bacterial species was stronger at higher 
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nutrient concentrations. However, little is known about how predation in interaction with 
resource availability influence species abundances of macroorganisms. Therefore, I propose 
that predation should also be more closely investigated as a cause of species rarity in 
communities other than microorganisms.  
 
While causes of rarity are likely to differ tremendously importantly between species, the 
results in this thesis also demonstrate that it is possible to discern factors with particularly 
strong effects. Eventually, investigating the causes of rarity might enable us to predict 
community composition, as well prevent the extinction of threatened species. 
 
3. Functions of rare soil bacterial species- beneficial or harmful? 
 
In Chapter 5 of my thesis I shifted attention from what causes rarity of species to the 
functions of rare soil bacterial species. Since in a former study a beneficial effect of rare 
bacteria on plant resistance has been found (Hol et al. 2010), I investigated the mechanisms 
that may have enabled rare bacteria to induce plant resistance. To this end I tested the effect 
of soil bacterial dilution on the resistance of Arabidopsis thaliana against an aphid herbivore. 
Surprisingly, I did not find any effect of the reduction of bacterial diversity, and at the same 
time rare soil bacteria, on plant resistance or aphid reproduction. Instead, plant growth was 
reduced in the presence of rare bacteria and the survival of the introduced plant-growth 
promoting strain Pseudomonas fluorescens SS101 was also reduced. Thus, in contrast to the 
frequently reported positive effects of rare soil bacteria, in my study they appeared to be 
detrimental to plant health, posing the question if we should consider rare species as harmful 
instead of beneficial. 
 
Unfortunately, as so often is the case in ecology, the relationship between soil microbial 
diversity and ecosystem functions is not simple or constant. While many studies show a 
positive relationship, using soil dilution as a means to decrease diversity, there are at the same 
time studies reporting no or even negative effects (Salonius 1981, Wertz et al. 2007, Juarez 
et al. 2013). There are indications that rather than rare species or species diversity per se, 
community composition can have strong influence on certain functions. A study by Hol et al. 
(2015a) found that soils from different origins had different effects on plant productivity. In 
addition, they observed that serial dilution of the microbial community of different soils 
resulted in positive, negative or neutral effects on plant growth depending on soil origin.  
They concluded that the effect of rare species loss is dependent on the initial community 
composition. Also in my experiment the effect of different soil origins and their dilutions on 
plant performance varied strongly, even though the soil sampling sites were only a few meters 
apart. While communities can be expected to differ between sites, these findings still raise 
the question how this does affect community dynamics following dilution. 
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Several processes could have caused this difference between microbial community dilutions 
from different sampling sites. On the one hand, the dependence on soil origin could indicate 
that the identity of rare and abundant species in the initial community played a role, 
determining which species were first eliminated by dilution. This is in accordance with the 
selection effect stating that the positive effect of species diversity on certain ecosystem 
functions is dependent on the higher probability to include species with large effects (Loreau 
et al. 2001). On the other hand, the dilution and subsequent regrowth to equal cell densities 
could have led to changes in the overall community composition. The latter is a general 
shortcoming of the dilution approach implicating that the effects we observed are not 
necessarily due to a reduction in rare species per se. Rather, the presence of particularly 
important species by chance might determine the outcome of dilution studies. The assessment 
of community composition before and after dilution might show the magnitude of those 
changes. However, neither does it allow us to disentangle the relative effects of community 
shifts vs. rare species loss, nor to control community response to dilution. Therefore, it must 
be kept in mind that by using dilution approaches we might measure effects of community 
change in addition to effects of biodiversity- and rare species-reduction. 
 
While effects of dilution on plant performance and resistance were highly dependent on soil 
origin, in Chapter 5 I also observed that communities containing rare species in comparison 
to communities reduced in rare species by dilution, reduced the survival of an added PGPR 
strain. The resistance to invasion of pathogens of more diverse communities has been shown 
several times (Matos et al. 2005, Van Elsas et al. 2007), but it has not yet been tested for plant 
beneficial bacteria, although the high invasion resistance of natural communities has been 
suggested to be a cause for the low colonization success of PGPRs in the field (Bashan et al. 
2014). Mallon et al. (2015) demonstrated that this increased resistance can be attributed to a 
more complete resource use of a diverse community, also called complementarity effect. As 
the reduction of P. fluorescens survival in my study was significant over all soil origins, it 
can be assumed that this effect could be more dependent on rare species reduction that on 
community composition. These findings, too, indicate that for the purpose of improving plant 
health by introducing beneficial bacterial strains, a reduction of the rare species could be 
advantageous. Yet, at the same time this reduction can make soil more susceptible to invading 
pathogens as has been shown for biodiversity reductions by radiation or anaerobic 
disinfestation (van Agtmaal et al. 2015). Moreover, I could show that even at low 
concentrations in the most diverse communities P. fluorescens still elicited changes in plant 
gene expression. Although this particular strain was not able to induce an effective resistance 
response in the used ecotype of A. thaliana, this indicates that PGPRs could still be effective 
even when survival was reduced. Therefore, a reduction of soil bacterial diversity might not 
be necessary for the successful use of PGPR strains. 
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The ineffectiveness of a known PGPR strain in my study, whether successfully colonizing or 
not, suggests that a fundamentally different approach is needed in order to enhance plant 
resistance than the introduction of one general PGPR. For example, the interaction between 
PGPRs and plant has been demonstrated to be often species- or even strain-specific 
(Wintermans et al. 2016). This specificity might have been the reason for a lack of growth 
and resistance promotion by the Pseudomonas strain used in Chapter 5. Therefore, species- 
and strain-specificity should be taken into account in the development of novel PGPR strains. 
Furthermore, the effect of the composition of the soil community on both plant performance 
and resistance is increasingly recognized. As a consequence, it has been suggested to improve 
the indigenous community in order to enhance its plant-beneficial properties (Adam et al. 
2016). As a first step towards this goal, Lemanceau et al. (2015) proposed to identify both 
plant genotype and compatible bacterial strains in the soil that together show the best 
performance. Second, practices could be tested to promote these strains within the 
community. In addition, investigating the mechanisms behind beneficial interactions, such as 
induction of systemic resistance, can facilitate finding and engineering of successful plant-
bacterial combinations. In summary, there appears to be no solution for enhancing plant 
resistance that fits all, just as there does not seem to be an effect of rare species or species 
diversity per se. In order to enhance plant health, individual plant-bacterial interactions in the 
context of the whole soil microbial community should be taken into account. 
 
Functions of rare species- beyond bacteria 
Although rare species can be involved in many different ecosystem functions, here I focused 
on the effect of rare species on ecosystems through their interactions with other species. Rare 
species other than bacteria can be involved in similar interactions. For instance, rare species 
loss can have cascading effects on higher trophic levels. Bracken and Low (2012) removed 
rare sessile species from rocky shore communities and found a strong negative impact on 
consumer biomass. However, a disproportionate impact of rare predator species on lower 
trophic levels has also been observed. These particular species with large effects on their 
community, in spite of their low abundance, have often been called keystone species (Paine 
1969).  In addition, several studies report evidence for invasion resistance in more diverse 
communities. For example, grassland communities reduced in rare species were more 
susceptible to the invasion of an exotic plant species than the non-reduced communities 
(Lyons and Schwartz 2001). The authors propose that the removal of species might have left 
open niches allowing for the invader to establish, which is in accordance with the 
complementarity effect as has been found for bacteria (Mallon et al. 2015). However, for 
both in the microbial and in the macrobial world the effect of rare species and diversity on 
ecosystems is variable and far from straightforward (Balvanera et al. 2006).  
 
My study on the effects of rare soil bacteria on plant herbivore resistance is only a small 
glimpse in the wide world of research on the functions of rare species and species diversity 
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in general. Still, it can certainly stand as an example for the high variability in results among 
studies. Several meta-analyses including a wide range of different organisms show positive, 
but also negative and neutral relationships between diversity an ecosystem functioning. Some 
functions, such as ecosystem stability and invasion resistance are more frequently positively 
associated with diversity, which could be due to a niche complementarity effect (Balvanera 
et al. 2006). In contrast, the response of other functions, such as biomass and decomposition, 
to diversity is more inconsistent, indicating the prevalence of the selection effect (Hooper et 
al. 2005, Cardinale et al. 2006). In the light of this variability, we will have to accept that 
there might be no general beneficial effect of rare species or of species diversity.  
 
In fact, the lack of a general effect of rare species presence or absence is not surprising. For 
example, not all rare species are permanently rare, as many rare species have been found to 
cycle between periods or sites of low and high abundance (Brown et al. 1995). Furthermore, 
not all species are likely to be of similar importance in all contexts. Rather, some species 
might contribute more to a particular function than others and this will vary with changes in 
environmental conditions. In this line, it has been proposed to use functional diversity instead 
of species richness in order to determine diversity effects on ecosystem functioning (Díaz et 
al. 2007). Functional diversity has been found to be better related to ecosystem functioning 
and stability than species diversity per se and species richness was not always a good 
predictor of functional richness (Tilman et al. 1997, Cadotte et al. 2011). However, for many 
species, both macro- and especially for microorganisms, their functional traits are still poorly 
understood. Instead of focusing on diversity only or on “the rare species”, I propose that 
future studies should assess species functional traits and their influence on ecosystem 
functioning under differing conditions. Given our incomplete knowledge on how species 
diversity is associated with ecosystem functioning I agree with Balvanera et al. (2006) who 
suggested that we should preserve species diversity as we cannot anticipate the consequences 
of their loss. 
 
Endangerment and conservation of rare species 
Species diversity is currently under threat and habitat loss and climate change, among other 
factors, have been identified as the major cause of species endangerment and extinction in 
macroorganisms (Thuiller et al. 2005, Pimm et al. 2014). However, for bacteria and other 
microbial species only little is known about patterns and consequences of species loss. On 
the one hand, there is still no clear consensus about the definition of a bacterial species. 
Furthermore, only a small part of the huge bacterial diversity that is assumed to inhabit this 
planet, is currently characterized (Achtman and Wagner 2008). Nevertheless, species 
extinction can be considered a real threat for microbial species. For example, microbial 
symbionts and pathogens that are specific to endangered plant or animal species are likely to 
share the fate of their hosts and also free-living microbial species can suffer from habitat loss 
(Staley 1997). Anthropogenic disturbances, such as chemical contaminations, have been 
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shown to compromise bacterial species diversity, at least locally (Moffett et al. 2003, Sun et 
al. 2015). Rare species, both among macroorganisms and microorganisms are particularly 
threatened by extinction (Pimm et al. 1988, Martiny et al. 2006). However, while 
conservation measures currently focus on the protection of rare macroorganisms, hardly any 
attention is being paid to rare microbial species. Protection of individual species, as it is 
practised for macroorganisms, is unfeasible for most microbial species, especially for those 
that are yet undiscovered (Colwell 1997). Instead, protection of areas should be considered 
as an approach to preserve habitats and thus at the same time both plant- and animal species 
and the microorganisms associated with those species and with the environment. Moreover, 
enhancing knowledge on the global microbial diversity and individual species is still called 
for in order to direct more targeted conservation approaches. 
 
 
4. Conclusions 
 
The results of my thesis allow me to draw several conclusions. From the cultivation approach 
in Chapter 2 I conclude that rare soil bacterial species can be underrepresented in isolate 
collections. Therefore, more studies should attempt to determine the abundance of their 
isolates in the field.  
 
Based on Chapter 3 and 4, I conclude that there is no general cause that may explain rarity 
of bacterial species in soil. Some species can be rare due to slow growth rates, while others 
are poor competitors or sensitive to predation. Still, predation by protists had a stronger effect 
on rare species than a 1000-fold decrease in nutrient supply in my study. Future studies 
should further investigate the role of predation for species abundance.  
 
From the results of Chapter 5 I conclude that reduction of rare soil microbial species does 
not affect induced systemic resistance in plants against insect herbivores. However, rare 
species loss facilitates the invasion by an added PGPR strain. More research is needed to 
determine how the soil microbial community affects plant resistance. 
 
5. Outlook 
 
Causes of species rarity and community composition 
By investigating the causes of bacterial rarity we are at the same time looking at what makes 
a species abundant. Investigating species abundances will also give important insights into 
microbial community assembly. Understanding these processes is not merely a quirk of 
curious scientists. Imbalances in the microbial community composition are known to be a 
major cause of disease and dysfunction in the soil and rhizosphere as well as in other host 
environments (Adam et al. 2016). Adam et al. (2016)  suggest that host-health can be 
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improved by changing the indigenous community composition and enhancing beneficial 
species while reducing detrimental ones. Knowledge on the causes of species rarity and 
abundance may, therefore, be essential in this endeavour.  
 
In this thesis and other studies it has been shown that predation by protists has the potential 
to alter microbial community composition (Bonkowski et al. 2000, Rønn et al. 2002). 
Moreover, it has been demonstrated that the presence of soil protists can benefit plant growth 
(Bonkowski 2004). Recently this experimental knowledge has even been started to be used 
in products containing protists that are applied in horticulture, which demonstrates the huge 
potential of protists to be used for the improvement of plant health and crop yield. However, 
little is known about the main mechanism through which protists affect plants. On the one 
hand, they are supposed to free up nutrients by grazing on bacteria that can subsequently be 
taken up by plants, which is also known as the microbial loop in soil (Clarholm 1985). On 
the other hand, they have been supposed to favour the growth of plant beneficial bacteria by 
grazing on their competitors or by directly producing hormones that stimulate plant growth 
(Bonkowski 2004). Given current successes in using soil protists, continued research on how 
different protists affect bacterial communities and benefit plant growth has the potential to 
lead to an increased quality and working consistency of protist applications.  
 
While I could show that predation by protists can change bacterial abundances, other factors 
are likely to influence abundances as well. For example, the order of species arrival during 
the colonisation of a new habitat can strongly affect the outcome of species interactions, 
community composition and even the relationship between diversity and community 
productivity (Fukami and Morin 2003). In addition, abiotic factors, such as pH, temperature 
or chemical and mechanical disturbances are known to change bacterial communities 
(Fuhrman et al. 2006, Shade et al. 2012b). By measuring changes in community composition 
in response to experimental alterations of these abiotic factors, researchers could determine 
under which conditions a bacterial species becomes rare. At the same time, this type of 
experiment can show which species increase in abundance in response to abiotic changes and 
disturbances. These increasing species might contribute to community resistance and 
resilience. Changing climatic conditions and disturbances of soils through human actions are 
becoming more and more prevalent. Knowledge on how the soil microbiome will be affected 
by these changes will be essential to predict the consequences of climatic change and 
disturbances for soil health.  
 
Functions of rare species 
Given the high variability in the relationship between the presence of rare microbial species 
and many ecosystem functions it can be assumed that rare microbial species per se might not 
be essential for the support of these functions. Rather the functions could be dependent on 
specific species with particularly unique functional traits or large effects. Some rare species 
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have been demonstrated to have such large effects, as for example a sulphate reducing 
bacterial species in peatland (Pester et al. 2010). However, even if rare species are 
demonstrated to have a large influence on ecosystem functions, it is often not clear whether 
the rare species themselves are involved in supporting this function or if they do so by 
affecting more abundant species. One way to test the functional potential of a bacterial 
species is whole genome sequencing, which is becoming increasingly affordable and builds 
on an increasing database of reference genomes (Land et al. 2015, Bhattacharyya et al. 2017). 
Still, actual functional traits have to be tested experimentally by isolating the respective 
species. In addition, the roles of rare species in affecting abundant community members could 
be tested by constructing communities with or without the respective species. Ideally whole 
soil communities should be used in which individual species are selectively removed or 
added and shifts in community composition and functioning are monitored. Such tests could 
enable us to identify species with large effects on ecosystem functioning under certain sets 
of conditions.  
 
With my work on soil bacteria I zoomed in on only one part of the world’s ecosystems. 
However, as I mentioned throughout different parts of this discussion chapter, the study of 
rare bacteria can have implications for a much broader group of organisms. Although most 
macroorganisms are more thoroughly studied than microorganisms, causes and consequences 
of species rarity vs. abundance are still poorly understood. Furthermore, also for 
macroorganisms simple community properties, such as an overall high species diversity, are 
not generally related to ecosystem functioning. Therefore, I propose that also for 
macroorganisms a connection should be drawn between the mechanisms that govern species 
abundance and their changes in space and time, and the individual functions of species. 
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Summary 
Since the advancing of sequencing technology and the wide spread of metagenome 
sequencing of environmental samples we are aware that a high proportion of most bacterial 
communities is low abundant. This proportion has also been termed the “rare biosphere” 
(Sogin et al. 2006). For a time, it has been believed that these rare species would not 
contribute to overall community functioning due to their low abundance. However, already 
decades ago it could be shown that the loss of rare bacterial species can be deleterious for the 
maintenance of ecosystem functions (Salonius 1981). Especially rare soil bacteria were found 
to be involved in important functions, such as decomposition, specific mineralization 
processes, resistance and resilience to disturbance and invasion resistance (see e.g. Salonius 
(1981), Pester et al. (2010), Van Elsas et al. (2007) and Low-Décarie et al. (2015)). Rare soil 
bacteria have even been shown to affect interactions between plants and insect herbivores 
(Hol et al. 2010). However, the mechanism behind this particular effect is still unclear. 
Furthermore, it is still poorly understood why some bacterial species are rare, whereas others 
are abundant and consequently knowledge about the mechanisms of microbial community 
assembly is incomplete. The aim of this thesis is to increase knowledge about rare bacteria 
with the focus on soil bacterial communities. For one, I asked which species traits or 
interactions with the biotic and abiotic environment can lead to species rarity. Second, I 
attempted to shed light on the mechanism behind the earlier observed plant protecting effect 
of the rare soil biosphere. 
 
In the first part of this thesis (Chapter 2) I isolated bacteria from soil to retrieve rare species 
that could be used in subsequent studies. By flow cell sorting I selected bacteria with small 
cell sizes (~0.5 μm), which are supposed to be on average lower in abundance (Portillo et al. 
2013) and separated single cells at the same time. Comparing the sequences of the isolated 
species to a 16S rRNA-sequencing database from the same soil allowed me to assess their 
relative abundance in the field. Although both rare and abundant species appeared on the 
various cultivation media, rare species were still underrepresented in my cultures compared 
to their high proportion in soil. This finding asserts the importance of testing the in situ 
abundance of bacterial isolates to avoid a bias towards abundant species in in vitro studies. 
Moreover, cultivation techniques should be improved with the aim to increase the proportion 
of rare cultivated species. These techniques could include novel cultivation media with 
specific growth substrates or co-cultivation methods. In contrast, a prolonged incubation time 
does not seem to lead to the cultivation of more rare species. In spite of the relatively low 
proportion of isolated rare bacterial species, this cultivation attempt yielded a 
phylogenetically diverse set of both high and low abundant bacterial species for comparison 
in my subsequent studies. 
 
In the following (Chapter 3 & 4), I used these bacterial isolates from Chapter 2 to investigate 
potential causes of species rarity. First, I tested whether bacterial isolates that were rare or 
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abundant in the field differ in their life-history traits. Rare species have often been assumed 
to be slow growing and highly specialized in their niche (Wilson and Lindow 1994, Pedros-
Alio 2007). Therefore, I measured bacterial growth rates and the ability of bacterial species 
to use a range of different substrates as a measure of niche breadth. Bacterial growth rate was 
positively correlated with the number of substrates they could use, which is in accordance 
with the concept of oligotrophy and copiotrophy (Fierer et al. 2007). However, in contrast to 
the expectations, there was no association between slow growth and species rarity because 
growth rates and substrate use of rare species was highly variable. This suggests that for some 
species slow growth and a narrow niche breadth might contribute to their low abundance in 
soil, but for many other species a low growth rate is unlikely to lead to rarity. This result is 
in accordance with former studies, which found indications for a high activity of low 
abundant bacterial species using cultivation-independent techniques (Baldrian et al. 2012, 
Wilhelm et al. 2014). 
 
Since growth rate was not clearly related to species rarity among my soil bacterial isolates I 
subsequently tested if species interactions could explain abundance. Based on my former 
studies in Chapter 2 and 3, in Chapter 4 I chose bacterial isolates with low and high potential 
growth rates and differing abundances in the field. I combined them in constructed 
communities, which were grown at different nutrient concentrations and with and without 
predation by protists. Several rare bacterial species, especially those with fast growth rates, 
showed a high competitive ability and dominated most constructed communities. However, 
their decline in abundance at lower nutrient concentrations indicates that they might become 
subordinate in extremely nutrient-poor environments. Neither did the addition of predators 
change their dominance. Still, rare bacteria that were most competitive were also most 
negatively affected by predation. This finding suggests that these bacterial species did invest 
more in competitive traits, at the cost of traits contributing to anti-predator defences. Hence, 
an even stronger predation pressure might lead to species rarity in the environment. Studies 
in situ and on different communities will still have to show if a stronger trade-off between 
competitiveness and predation resistance in rare species is a general concept. Overall, species 
varied considerably in their competitiveness and sensitivity to predation, indicating that the 
importance of the different factors affecting abundance might differ between species. Given 
the dominance of several rare species in the artificial communities, they can be expected to 
become abundant under favourable conditions, which is in accordance to the fluctuations in 
abundance that have been found for a large proportion of the rare biosphere (Shade et al. 
2014).  
 
In the final part of my thesis (Chapter 5), I tested how the loss of rare soil microbial species 
would affect plant-aphid interactions as has been indicated earlier (Hol et al. 2010), and 
whether this would be due to a reduction in systemic plant defences. To this end I used serial 
dilutions of soil microbial communities from different soil samples in combination with the 
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bacterium Pseudomonas fluorescens, which is known for its ability to induce systemic plant 
defences. Arabidopsis thaliana plants were grown in soil inoculated with the different 
dilutions and with or without Pseudomonas. Half of the plants were infested with the aphid 
species Myzus persicae. Subsequently I measured plant growth, defence-related gene 
expression and aphid performance. In contrast to the former study by Hol et al. (2010), the 
loss of rare species had no effect on aphid performance. Neither did Pseudomonas addition 
increase plant defences. This lack of a Pseudomonas-effect indicates that bacteria-plant-
insect interactions might be highly species- and even strain-specific. This specificity might 
also have caused the high variability in plant defence response to the different soil microbial 
communities leading to overall non-significant effects. Communities from different samples 
might have contained different low abundant species or random species loss by dilution and 
regrowth might have led to differing communities and hence variable effects of dilution on 
plants. However, I did find increased survival of Pseudomonas and an initial increase in plant 
biomass in response to community dilution.  Based on my findings I propose that some effects 
of rare species loss could be consistent, while plant defence might be more responsive to 
microbial community composition than to loss of rare species per se.  
 
Overall, my project did not confirm many expectations that are held about rare bacterial 
species. In contrast, the variable results indicate that rare bacteria are no homogeneous group. 
For example, factors affecting species abundance, such as growth rate, niche breadth, 
competition, and predation likely differ between species. At the same time, many rare species 
show the potential to become abundant under some experimental conditions. This is in 
accordance with sequencing-based studies and suggests that the rare biosphere and bacterial 
communities in general are highly dynamic (Caporaso et al. 2012). Such dynamics in species 
abundances could also be responsible for inconsistent effects of rare species reductions 
between or within studies, as I also observed in my experiment on the induction of systemic 
plant defences. Thus, I conclude that there might be no beneficial effect of rare bacteria per 
se. Instead, I propose that community composition might determine functioning. My study 
shows that we yet need to learn more about species-specific functions and community 
dynamics if we wish to understand and influence their functioning. 
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Samenvatting 
Sinds vorderingen in sequentie-technologieën en sinds de verspreiding van metagenoom-
sequentie-analyse van milieu-monsters weet men dat een groot deel van de meeste bacteriële 
gemeenschappen laag abundant is. Dit aandeel wordt dan ook wel de “rare biosphere” 
genoemd (Sogin et al. 2006). Een tijd lang dacht men dat deze zeldzame soorten niet 
bijdragen aan de functionering van de gehele gemeenschap vanwege hun lage abundantie. 
Het werd echter al tientallen jaren geleden aangetoond dat het verlies van zeldzame bacteriële 
soorten schadelijk kan zijn voor het behoud van ecosysteem functies (Salonius 1981). Vooral 
zeldzame bodembacteriën zijn betrokken bij belangrijke functies, zoals decompositie, 
specifieke mineraliseerings-processen, resistentie en veerkracht tegen storingen, en 
weerstand tegen invasies (zie b.v. Salonius (1981), Pester et al. (2010), Van Elsas et al. (2007) 
en Low-Décarie et al. (2015)). Het werd zelfs aangetoond dat zeldzame bodembacteriën de 
interactie tussen planten en insecten kunnen beïnvloeden (Hol et al. 2010). Niettemin is het 
mechanisme achter dit effect nog steeds onduidelijk. Ook begrijpt men nog steeds niet goed, 
waarom sommige bacteriën zeldzaam en anderen abundant zijn en dus is onze kennis van 
gemeenschaps-vorming incompleet. Het is het doel van deze thesis de kennis over zeldzame 
bacteriën te vergroten met bijzonder oogmerk op gemeenschappen van bodembacteriën. Ten 
eerste stelde ik de vraag welke eigenschappen van soorten, of interacties met de biotische en 
abiotische omgeving naar zeldzaamheid kunnen leiden. Ten tweede deed ik onderzoek naar 
de mechanismes achter de plant-beschermende effecten van de zeldzame bodem biosfeer die 
al eerder werd aangetoond. 
 
In het eerste deel van deze thesis (hoofdstuk 2) isoleerde ik bacteriën uit de bodem om 
zeldzame soorten te verzamelen voor gebruik in de volgende experimenten. Met behulp van 
flow cytometrie selecteerde ik bacteriën met een lage celgrootte (~0.5 μm) die worden geacht 
in het gemiddelde lager abundant te zijn (Portillo et al. 2013), en scheidde tegelijkertijd cellen 
van elkaar. Door de sequenties van de geïsoleerde soorten te vergelijken met en 16S rRNA-
sequentie database afkomstig van dezelfde bodem, kon ik hun relatieve abundantie in het 
veld vaststellen.  Alhoewel zowel zeldzame als abundante soorten op de verschillende 
cultivatie-media groeiden, waren zeldzame soorten nog steeds ondervertegenwoordigd in de 
culturen vergeleken met hun grote aandeel in de bodem. Deze ontdekking bevestigt het 
belang van het testen van de abundantie van bacteriële isolaten in situ om een bias naar 
abundante soorten in studies in vitro te voorkomen. Verder zouden cultivatie technieken 
moeten worden verbeterd met het doel om het aandeel van zeldzame soorten te verhogen. 
Adequate technieken zouden onder ander nieuwe cultivatie media met specifieke 
groeistoffen of co-cultivatie kunnen zijn. Lange incubatietijden lijken echter niet tot een 
cultivatie van meer zeldzame soorten te leiden. Ongeacht het relatief lage aandeel van 
geïsoleerde zeldzame bacteriële soorten, leverde dit cultivatie experiment een fylogenetisch 
divers set van zowel hoog als laag abundant soorten op voor vergelijkingen in mijn volgende 
studies.  
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In het volgende deel van deze thesis (hoofdstukken 3 en 4) gebruikte ik de bacteriële isolaten 
van hoofdstuk 2 om de mogelijke redenen voor zeldzaamheid te onderzoeken. Eerst testte ik 
of bacteriële isolaten, die in het veld zeldzaam of abundant waren, verschilden in de 
kenmerken van hun levenscyclus. Zeldzame soorten werden vaak geacht langzaam te groeien 
en heel gespecialiseerd in hun niche te zijn (Wilson and Lindow 1994, Pedros-Alio 2007). 
Daarom mat ik bacteriële groeipercentages en hun vermogen een aantal verschillende 
substraten te gebruiken als een maat voor hun niche breedte. De bacteriële groeipercentage 
had een positief verband met het aantal substraten dat ze konden gebruiken wat overeenkomt 
met het concept van oligotrophie en copiotrophie (Fierer et al. 2007). Niettemin, in 
tegenstelling tot mijn verwachtingen, was er geen verband tussen langzame groei en 
zeldzaamheid, want groeipercentages en substraatgebruik van zeldzame bacteriën waren 
uitermate variabel. Dit duidt aan dat langzame groei en een beperkte niche breedte kunnen 
bijdragen aan de lage abundantie van sommige soorten. Maar bij veel andere soorten lijkt 
langzame groei niet tot zeldzaamheid te lijden. Dit resultaat komt overeen met eerdere studies 
die aanwijzingen voor een hoge activiteit van laag abundante soorten hebben gevonden met 
behulp van cultivatie-onafhankelijke technieken (Baldrian et al. 2012, Wilhelm et al. 2014). 
 
Omdat groeipercentages bij mijn bacteriële isolaten geen duidelijk verband hield met 
zeldzaamheid testte ik verder of de interacties tussen soorten abundantie konden verklaren. 
Gebaseerd op mijn eerdere studies in hoofdstuk 2 en 3, koos ik in hoofdstuk 4 voor bacteriële 
isolaten met hoge en lage potentiele groeipercentages en verschillende abundantie in het veld. 
Ik combineerde ze in geconstrueerde gemeenschappen die ik met verschillende hoeveelheden 
aan voedingsstoffen en met of zonder predatie van protisten liet groeien. Meerdere bacteriële 
soorten, in het bijzonder soorten met hoge groeipercentages, toonden een sterk 
concurrentievermogen en domineerden de meeste geconstrueerde gemeenschappen. Hun 
afname in abundantie met lagere hoeveelheden aan voedingsstoffen duidde echter aan dat zij 
mogelijkerwijs onder extreem voedingsarme omstandigheden ondergeschikt zouden kunnen 
worden. Het toevoegen van protisten veranderde evenmin hun dominantie. Niettemin werden 
de zeldzame bacteriën met het hoogste concurrentievermogen tegelijkertijd het meest 
negatief beïnvloed door predatie. Deze vondst duidt aan dat deze bacteriële soorten meer in 
concurrentievermogen investeerden ten koste van verdediging tegen predatie. Als gevolg 
daarvan zou een nog hogere predatiedruk tot zeldzaamheid in het veld kunnen leiden. Studies 
in situ en van verschillende gemeenschappen zullen moeten tonen of een sterkere trade-off 
tussen concurrentievermogen en weerstand tegen predatie bij zeldzame soorten een algemeen 
concept zou kunnen zijn. In het algemeen, verschilden de soorten beduidend in hun 
concurrentievermogen en gevoeligheid voor predatie, wat aanduidt dat diverse factoren 
verschillen in hun belang voor de abundantie van soorten. Vanwege de dominantie van 
meerdere zeldzame soorten in de geconstrueerde gemeenschappen kunnen deze soorten 
worden verwacht onder gunstige omstandigheden abundant te kunnen worden. Dit komt 
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overeen met fluctuaties in abundantie die werden gevonden voor een groot aandeel van de 
rare biosphere (Shade et al. 2014).  
 
In het laatste deel van mijn thesis (hoofdstuk 5) heb ik onderzocht hoe het verlies van 
zeldzame bodem-microben, plant-bladluis interacties zou beïnvloeden, zoals eerder 
aangetoond (Hol et al. 2010), en of dit te wijten zou zijn aan een afname in systemische plant-
resistentie. Daarvoor gebruikte ik opeenvolgende verdunningen van microbiële 
gemeenschappen van verschillende bodemmonsters in combinatie met de bacterie 
Pseudomonas fluorescens die bekend staat om zijn vermogen systemische plant-resistentie 
te induceren. Arabidopsis thaliana planten werden gekweekt in bodem die werd geïnoculeerd 
met de verschillende verdunningen en met of zonder Pseudomonas. De helft van de planten 
werden met de bladluis Myzus persicae besmet. Vervolgens mat ik plantengroei, defensie-
gerelateerde genexpressie en bladluis-voortplanting. In tegenstelling tot de eerdere studie van 
(Hol et al. 2010) had het verlies van zeldzame soorten geen invloed op bladluizen. 
Pseudomonas toevoeging verhoogde evenmin plant-resistentie. Het ontbreken van een effect 
van Pseudomonas duidt aan dat bacterie-plant-insect interacties uitermate soort-specifiek of 
zelf ras-specifiek zouden kunnen zijn. Deze specifiteit zou ook tot de sterke variabiliteit in 
plant-resistentie in reactie op de verschillende bodem-gemeenschappen hebben kunnen 
geleid wat overal niet-significante zou kunnen verklaren. Gemeenschappen van verschillende 
monsters zouden verschillende laag abundante soorten hebben kunnen bevat of willekeurig 
verlies van soorten door verdunning en bijgroei zou tot verschillende gemeenschappen en 
dus variabele effecten op planten hebben kunnen geleid. Niettemin vond ik wel een verhoogd 
overleven van Pseudomonas in de bodem en een aanvankelijk verhoging in plant biomassa 
ten gevolge van verdunning. Naar aanleiding van mijn vondsten stel ik voor dat sommige 
effecten van het verlies van zeldzame soorten consistent zijn terwijl plant resistentie eerder 
afhankelijk is van de compositie van de microbiële gemeenschap dan van het verlies van 
zeldzame soorten op zich.  
 
Overal kon mijn project vele verwachtingen over zeldzame bacteriële soorten niet bevestigen. 
Mijn resultaten duidden in het tegendeel aan dat zeldzame bacteriën geen uniforme groep 
zijn. Bijvoorbeeld verschillen de factoren, die abundantie beïnvloeden, zoals het 
groeipercentage, niche breedte, concurrentie en predatie, waarschijnlijk tussen soorten. 
Tegelijkertijd tonen vele zeldzame soorten het vermogen om onder een aantal experimentele 
omstandigheden abundant te worden. Dit komt overeen met studies gebaseerd op sequentie-
analyses en duidt aan dat de rare biosphere en de bacteriële gemeenschappen in het algemeen 
heel dynamisch kunnen zijn (Caporaso et al. 2012). Deze dynamiek in de abundantie van 
soorten zou ook verantwoordelijk kunnen zijn voor de inconsistente effecten van het verlies 
van zeldzame soorten binnen of tussen studies zoals in mijn experiment over de inductie van 
systemische plant-resistentie. Dus concludeer ik, dat er geen gunstig effect van zeldzame 
bacteriën per se zou kunnen zijn. In plaats daarvan, stel ik voor dat de compositie van de 
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gemeenschap functionering kan bepalen. Mijn studie toont aan dat we nog steeds meer 
moeten leren over soort-specifieke functies en gemeenschap-dynamieken als we hun werking 
willen begrijpen en beïnvloeden. 
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Zusammenfassung 
Seit Fortschritten in Sequenzier-Techologien und der Verbreitung der Metagenom- 
Sequenzierung von Umweltproben wissen wir, dass ein großer Teil der meisten bakteriellen 
Gemeinschaften niedrig abundant ist. Dieser Anteil wird auch „rare biosphere“ (seltene 
Biosphäre) genannt (Sogin et al. 2006). Eine Zeit lang glaubte man, dass diese seltenen Arten 
wegen ihrer niedrigen Abundanz nicht zum allgemeinen Funktionieren der Gemeinschaft 
beitragen würden. Jedoch wurde schon vor Jahrzehnten gezeigt, dass sich der Verlust seltener 
Bakterienarten nachteilig auf den Erhalt von Ekosystem-Funktionen auswirken kann 
(Salonius 1981). Vor allem für seltene Bodenbakterien wurde gezeigt, dass sie an vielen 
wichtigen Funktionen, wie Dekomposition, spezifischen Mineralisierungsprozessen, 
Resistenz und Resilienz gegen Störungen und Resistenz gegen Invasionen, beteiligt sind 
(siehe z.B. Salonius (1981), Pester et al. (2010), Van Elsas et al. (2007) und Low-Décarie et 
al. (2015)). Es wurde sogar gezeigt, dass seltene Bodenbakterien die Interaktionen zwischen 
Pflanzen und Insekten beeinflussen können (Hol et al. 2010). Der Mechanismus hinter 
diesem Effekt ist jedoch noch unbekannt. Des Weiteren weiß man noch immer wenig 
darüber, warum manche Bakterienarten selten, andere aber abundant sind und daher ist unser 
Wissen über die Zustammenstellung bakterieller Gemeinschaften noch immer unvollständig. 
Das Ziel meiner Thesis ist das Wissen über seltene Bakterien zu vergrößern, mit besonderem 
Augenmerk auf bakterielle Bodengemeinschaften. Zum einen stellte ich die Frage, welche 
Eigenschaften von Arten oder Interaktionen mit ihrer biotischen und abiotischen Umgebung 
zu Seltenheit führen können. Zum Zweiten habe ich versucht den Mechanismus hinter dem 
bereits beobachtetetn Pflanzen-schützenden Effekt der seltenen Boden-Biosphäre 
aufzuklären. 
Im ersten Teil dieser Thesis (Kapitel 2) habe ich Bakterien aus dem Boden isoliert um seltene 
Arten zu erhalten, die in volgenden Experimenten verwendet werden konnten. Mithilfe von 
Durchflusszytometrie habe ich Bakterien mit geringer Zellgröße (~0.5 μm) selektiert, von 
welchen man annimmt, dass sie im Mittel geringere Abundanzen haben (Portillo et al. 2013), 
und habe sie gleichzeitig in einzelne Zellen aufgetrennt. Der Vergleich zwischen den 
Sequenzen der isolierten Arten und einer 16S rRNA-Sequenz Datenbank desselben Bodens, 
ermöglichte es mir ihre relatieve Abundanz im Feld zu bestimmen. Obwohl sowohl seltene 
als auch abundante Arten auf den verschiedenen Kultivierungs-Medien wuchsen, waren 
seltene Arten in meinen Kulturen immer noch unterrepräsentiert verglichen mit ihrem hohen 
Anteil im Boden. Dieser Fund zeigt, wie wichtig es ist, die Abundanz von bakteriellen 
Isolaten in situ zu testen, um eine Verzerrung hin zu abundanten Arten in in vitro Studien zu 
verhindern. Des Weiteren sollten Kultivierungs-Techniken verbessert werden, um den Anteil 
kultivierbarer, seltener Arten zu erhöhen. Solche Techniken könnten neuartige Medien mit 
speziellen Substraten oder Co-Kultivierungsmethoden einschließen. Eine lange 
Inkubationszeit jedoch, scheint nicht zur Kultivierung von mehr seltenen Arten zu führen. 
Trotz des relatief geringen Anteils seltener isolierter Arten, lieferte mein 
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Kultivierungsversuch einen Satz phylogenetisch diverser niedrig- und hoch-abundanter 
Bakterienarten für Vergleiche in meinen folgenden Studien. 
 
Im Folgenden (Kapitel 3 & 4) habe ich die bakteriellen Isolate aus Kapitel 2 verwendet um 
die möglichen Gründe für die Seltenheit von Arten zu untersuchen. Zunächst habe ich 
getestet ob bakterielle Isolate, die im Feld selten oder abundant waren, sich in ihrem 
Lebenszyklus unterscheiden. Von seltenen Arten wurde oft angenommen, dass sie langsam 
wachsen und eine sehr spezifische Nische haben (Wilson and Lindow 1994, Pedros-Alio 
2007). Daher habe ich bakterielle Wachstumsraten und ihre Fähigkeit eine Reihe 
verschiedener Substrate zu konsumieren, als Maß für die Nischenbreite von Arten, gemessen. 
Die bakterielle Wachstumsrate stand in einem positiven Bezug zu der Anzahl Substrate, die 
sie konsumieren konnten, was mit dem Konzept von Oligotrophie und Kopiotrophie 
übereinstimmt (Fierer et al. 2007). Dennoch gab es, entgegen der Erwartungen, keine 
Verbindung zwischen langsamem Wachstum und der Seltenheit von Arten, da 
Wachstumsraten und Substrat-Gebrauch sehr variabel waren. Dies weist darauf hin, dass 
zwar bei manchen Arten langsames Wachstum und eine eingeschränkte Nischenbreite zu 
ihrer geringen Abundanz betragen könnten, aber bei vielen anderen Arten eine gerine 
Wachstumsrate wahrscheinlich nicht zu Seltenheit führt. Dieses Resultat entspricht früheren 
Studien, welche mit Kultivierungs-unabhängingen Methoden Hinweise auf eine hohe 
Aktivität gering abundanter bakterieller Arten gefunden haben (Baldrian et al. 2012, Wilhelm 
et al. 2014). 
 
Da die Wachstumsrate in keiner deutlichen Beziehung zu der Seltenheit meiner bakteriellen 
Isolate stand, habe ich als nächstes getestet ob die Interaktionen zwischen Arten Abundanz 
erklären kann. Beruhend auf meinen vorherigen Studien in Kapitel 2 und 3, habe ich in 
Kapitel 4 bakterielle Isolate mit niedriger und hoher potenzieller Wachstumsrate und 
verschiedenen Abundanzen im Feld gewählt. Diese habe ich in konstruierten Gemeinschaften 
kombiniert, welche ich bei verschiedenen Nährstoffkonzentrationen und mit oder ohne 
Predation durch Protisten wachsen ließ. Mehrere seltene bakterielle Arten, besonders solche 
mit hohen Wachstumsraten, zeigten sich äußerst konkurrenzfähig und dominierten die 
meisten konstruierten Gemeinschaften. Trotzdem deutete ihre Abnahme bei geringeren 
Nährstoffkonzentrationen darauf hin, dass sie in extrem nährstoffarmen Umgebungen 
geringer abundant werden könnten. Auch das Hinzufügen von Protisten änderte nichts an der 
Dominanz dieser Arten. Dennoch waren die seltenen Bakterien mit der größten 
Konkurrenzfähigkeit auch am stärksten von Predation betroffen. Dieser Fund weist darauf 
hin, dass diese bakteriellen Arten mehr in Eigenschaften, welche die Konkurrenzfähigkeit 
erhöhen, investierten, auf Kosten von Eigenschaften, welche zur Resistenz gegen Predatoren 
beitragen. Daher könnte ein noch stärkerer Predationsdruck zur Seltenheit dieser Arten im 
Feld führen. Weitere Studien in situ und mit anderen Gemeischaften werden zeigen müssen, 
ob ein stärkerer trade-off zwischen Konkurrenzfähigkeit und Resistenz gegen Predation bei 
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seltenen Arten ein allgemeines Phänomen ist. Insgesamt unterschieden sich die einzelnen 
Arten stark in ihrer Konkurrenzfähigkeit und Anfälligkeit gegenüber Predation, was darauf 
inweist, dass die Bedeutung verschiedener Faktoren, die Abundanz beeinflussen, sich 
zwischen den Arten unterscheidet. Aufgrund der Dominanz mehrerer seltener Arten in den 
konstruierten Gemeinschaften, kann man auch ewarten, dass diese unter günstigen 
Umständen in Abundanz zunehmen könnten, was übereinstimmt mit Fluktuationen in 
Abundanz, die bei einem großen Anteil der seltenen Biosphäre gefunden worden sind (Shade 
et al. 2014). 
 
Im letzten Teil meiner Thesis (Kapitel 5) habe ich getestet, wie der Verlust von seltenen 
mikrobiellen Arten im Boden Pflanzen-Blattlaus Interaktionen beeinflussen kann, wie bereits 
in einer früheren Studie angedeutet (Hol et al. 2010), und ob dies in einer Reduktion 
systemischer Pflanzenresistenz begründet liegt. Dafür habe ich serielle Verdünnungen von 
mikrobiellen Gemeinschaften verschiedener Bodenproben verwendet, in Kombination mit 
dem Bakterium Pseudomonas fluorescens, welches bekannt ist für seine Eigenschaft 
systemische Pflanzenresistenz zu induzieren. Arabidopsis thaliana Pflanzen wurden in 
Bodem herangezogen, der mit den verschiedenen Verdünnungen und mit oder ohne 
Pseudomonas inokuliert wurde. Die Hälfte der Pflanzen wurde mit der Blattlaus Myzus 
persicae infiziert. Danach habe ich Pflanzenwachstum, resistenzabhängige Genexpression 
und Blattlausreproduktion gemessen. Im Gegensatz zu der vorherigen Studie von Hol et al. 
(2010) hatte der Verlust seltener Arten keinen Effekt auf die Blattläuse. Auch das Hinzufügen 
von Pseudomonas erhöhte die Pflanzenresistenz nicht. Dieser fehlende Effekt von 
Pseudomonas weist darauf hin, dass Bakterien-Pflanzen-Insekten Interaktionen äußerst Art- 
oder sogar Sorten-spezifisch sein könnten. Diese Spezifität könnte auch für die große 
Variabilität in Pflanzenresistenz als Reaktion auf die verschiedenen mikrobiellen 
Gemeinschaften, verantwortlich gewesen sein, was ingesamt zu nicht-signifikanten Effekten 
geführt haben könnte. Gemeinschaften aus verschiedenen Proben könnten verschiedene 
niedrig abundant Arten beinhaltet haben oder zufälliger Artenverlust und Nachwachsen 
könnten zu unterschiedlichen Gemeinschaften geführt haben und daher zu variablen Effekten 
der Verdünnungen auf die Pflanzen. Dennoch habe ich ein erhöhtes Überleben von 
Pseudomonas und eine anfängliche Steigerung in Pflanzenbiomasse als Folge der 
Verdünnung gefunden. Aufgrund meiner Ergebnisse stelle ich die Hypothese auf, dass einige 
Effekte des Verlustes seltener Arten beständig sein könnten, während Pflanzenresistenz eher 
von der Zusammensetzung der bakteriellen Gemeinschaft als von einem Verlust seltener 
Arten an sich abhängig ist. 
 
Insgesamt konnte mein Projekt einige Erwartungen über seltene bakterielle Arten nicht 
bestätigen. Meine variablen Ergebnisse weisen im Gegenteil darauf hin, dass seltene 
Bakterien keine einheitliche Gruppe sind. So können sich Faktoren, welche Artabundanz 
beeinflussen, wie Wachstumsrate, Nischenbreite, Konkurrenz und Predation zwischen Arten 
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unterscheiden. Gleichzeitung zeigen viele seltene Arten das Potenzial unter einigen 
experimentellen Bedingungen abundant zu werden. Dies entspricht Sequenz-basierten 
Studien und deutet an, dass die seltene Biosphäre, und bakterielle Gemeinschaften im 
Allgemeinen, sehr dynamisch sind (Caporaso et al. 2012). Solche Dynamiken in 
Artabundanzen könnten auch für die uneinheitlichen Effekte von Reduktionen seltener 
Spezies innerhalb oder zwischen Studien verantwortlich sein, so wie ich es auch in meinem 
Experiment über die Induktion systemischer Pflanzenresistenz beobachten konnte. Daher 
komme ich zu dem Schluss, dass seltene Bakterien im Allgemeinen keinen günstigen Effekt 
haben könnten. Ich bin der Meinung, dass stattdessen die Zusammensetzung der 
Gemeinschaft ihr Funktionieren bestimmt. Meine Studie zeigt, dass wir noch immer mehr 
über artspezifische Eigenschaften und Dynamiken von Gemeinschaften lernen müssen, wenn 
wir ihr Funktionieren verstehen und beeinflussen wollen. 
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